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ABSTRACT 
DIRECT PRINTING/PATTERNING OF KEY COMPONENTS FOR 
BIOSENSOR DEVICES  
 
FEBRUARY 2019 
 
YILIANG ZHOU, B.S., FUDAN UNIVERSITY 
 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Kenneth R. Carter and James J. Watkins 
 
Recently, biosensor devices, especially wearable devices for monitoring human 
health, have attracted significant interests and meanwhile, they have a huge market. These 
wearable biosensor devices usually consist of several key components, including 
microfluidics, biosensing elements and power supply. Though advanced sensing platforms 
have been extensively explored, high manufacturing fee and lack of practical functions are 
the main reasons that most of devices and techniques are still out of reach for potential 
users. 
This dissertation focuses on fabricating these key components for biosensor devices 
via advanced printing/patterning techniques, such as inkjet-printing and nanoimprinting. 
These fabrication techniques can be potentially extended to roll-to-roll manufacturing 
system, allowing for low fabrication costs. Using UV-assisted nanoimprint lithography, 
flexible microfluidic devices were fabricated with thiol-ene click photopolymer on 
polymeric substrate. As for sensing elements, inkjet-printed electrodes were applied for 
electrochemical detection of multiple analytes. Here, inkjet-printed Au electrodes were 
applied for measuring salmonella concentration with magnetic beads. Glucose and cortisol 
ix 
sensing were based on inkjet-printed graphene electrodes. These two sensors were 
compatible with “smart band-aid” platform for wearable monitoring. With synthetic skin, 
the real-time monitoring of glucose concentration was achieved, and the effect of flow rate 
was examined in detail.  
Inkjet-printed electrodes can be easily customized for various applications by varying 
design and materials, though their resolutions are mostly limited to ~20 microns. It is hard 
to develop materials within nanoscale resolution via inkjet-printing. To develop 
nanostructured materials, nanoimprint lithography is introduced as a direct patterning 
method. Several kinds of metal oxide multilayer woodpile nanostructured electrodes were 
developed via this technique. The aspect ratio of the final structure can be easily 
customized by the number of layers. Furthermore, we examined the performance of these 
woodpile electrodes in real applications. For example, CeO2 woodpile electrodes were used 
for enzymatic glucose sensors, while TiO2 woodpile electrodes were applied as lithium-ion 
batteries. The structure-processing combination can lead to efficient use of these 
electroactive materials. 
Finally, we utilized solvent-assisted nanoimprint lithography to process cellulose 
nanomaterials into nanostructure. Cellulose, as a major component of plant, is the most 
abundant biomaterial in nature. The development of patterned cellulose films can be 
potentially used as novel, green substrates in many applications, including wearable 
biosensing devices. 
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CHAPTER 1 
INTRODUCTION 
1.1 Biosensor Devices 
Real-time monitoring of human health has attracted significant interests.  At present, 
commercially available wearable devices can track physical activities and vital signs (such 
as heart rate); however, they cannot provide health information at molecular levels.1 
Recently, lots of biosensors with high sensitivity and selectivity have been developed in 
labs. Limited by manufacturing methods and lack of practical application consideration, 
most of these technologies are still far from potential users.  
Figure 1.1 shows recent progress in fabrication of wearable sweat-based biosensor 
devices for real-time health monitoring. Koh et al. developed a soft, wearable PDMS-based 
microfluidic devices for sweat capture and colorimetric detection.2 Gao et al. fully 
integrated electrochemical sensor arrays with circuit components.1 Both of these projects 
utilized traditional manufacturing methods, including photolithography, evaporator and 
soft lithography. These methods are high cost and not capable of continuous 
manufacturing.  
An important point to note, a real wearable biosensor device contains not only high-
sensitive high-selective biosensors, but also several key components. Other than biosensing 
elements, microfluidic channels are needed for fluid transport. Microchips and micro-
batteries are required for electrochemical detection and display. In this thesis, we focus on 
the fabrication of these key components (microfluidic channels, biosensing elements and 
lithium-ion electrodes) for wearable biosensor devices via advanced printing/patterning 
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techniques. The big advantage for utilizing these techniques is that they are compatible 
with roll-to-roll manufacturing system, allowing a continuous fabrication way. 
Figure 1.1 Recent progress in wearable sweat-based biosensor devices (adapted from ref. 
1,2) 
1.1.1 Microfluidic Channels 
Microfluidics are devices that can precisely control small volumes of fluids. The 
primary advantages of microfluidics are automation and reduction of consumed samples 
and reagents.3 Microfluidic devices have been widely explored for various applications, 
such as point-of-care,4,5 cell analysis,6 drug administrating7 and emulsion production.8,9 
Several microfabrication methods have been applied for fabrication of microfluidic 
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channels, including soft lithography,10 hot embossing,11 micromilling12 and laser 
ablation.13 
1.1.2 Biosensing Elements 
Biosensor is defined by three key elements, sample, recognition element and 
transduction element. As shown in Figure 1.2, molecular recognition elements, including 
receptors, enzymes, antibodies and nucleic acid, have specific interactions with analytes. 
These biological events can be converted to other detectable signals with transduction 
elements.14 
Based on the type of detectable signal, these biosensors can be further categorized as 
electrical, electrochemical, optical, thermal, acoustic and piezoelectric biosensors. Among 
them, electrochemical biosensors have more advantages over the others due to their 
capability of sensing materials without damage host system.15 Meanwhile, compared to 
colorimetric detection, electrochemical biosensors exhibit high sensitivity and selectivity. 
Various kinds of electrochemical measurements, such as cyclic voltammetry,16,17 
amperometry,18 electrochemical impedance spectroscopy,19,20 have been widely applied in 
biosensing applications. 
Figure 1.2 Configuration of a biosensor showing biorecognition, interface, and 
transduction elements. (adapted from ref. 14) 
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1.1.3 Lithium-ion Battery 
Battery and energy technologies have become increasingly important in the modern 
era. At the forefront of batteries research, lithium-ion batteries have become the most 
ubiquity.21 For wearable devices, lithium-ion batteries are needed to provide power to 
support electrochemical detections and micro-chips. Recently, with the advent of small 
devices, everything from microelectromechanical systems (MEMSs)22 to 
nanoelectromechanical systems (NEMSs),23 requires power sources with commensurate 
dimensions. The use of on-chip batteries, e.g., micro- and even nanobatteries, effectively 
avoids interconnection problems and unnecessary signal noise encountered by devices that 
are externally powered.24 The downscaling of battery size will significantly enhance the 
overall portability and drive MEMS/NEMS toward fully autonomous devices. 
1.2 Micro- and Nano-Fabrication 
Micro- and nano-fabrication techniques have been developed over a century. Lots of 
techniques have been invented for devices fabrication, including photolithography, self-
assembly and micromachining. Recently, direct printing/patterning technologies have 
emerged as advanced manufacturing methods. Instead of having complex processes, these 
technologies are capable of directly developing micro- and nanoscale structures with a 
variety of materials. One big advantage of these advanced technologies is that most of them 
are compatible with roll-to-roll manufacturing system, allowing for continuous fabrication.  
1.2.1 Inkjet-printing Technology 
Inkjet-printing is a direct printing technique wherein droplets of ink are propelled onto 
various substrates. A wide range of materials, like sol-gels,25,26 conducting polymers,27 
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nanoparticle dispersions28,29 and biomaterials30,31 can be applied with this technique. Until 
now, inkjet-printing has been successfully applied in the fabrication of biosensors,32,33 
radio-frequency identification,34,35 and electronic devices.36-38 The printing design can be 
easily customized with software. The resolution of printed structure can be as small as ~20 
μm. 
1.2.2 Nanoimprint Lithography 
Nanoimprint lithography (NIL) has emerged as a method of fabricating nanoscale 
patterns with high throughput and high resolution. NIL enables rapid replication on various 
substrates over large areas from master molds. The resolution of patterned structures can 
be as small as the sub-10 nm scale.39,40 Traditional NIL can be categorized into two types, 
thermal-assisted nanoimprint lithography and UV-assisted nanoimprint lithography. 
Figure 1.3 Comparison of a typical thermal NIL and UV-NIL process (adapted from ref 
41). 
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The mechanism of thermal NIL and UV-NIL process is shown in Figure 1.3. In 
thermal NIL, a thin layer of thermoplastic polymer resist is heated to a temperature over 
its glass transition temperature (Tg). This polymer becomes soft and is impressed into the 
master mold with pressure.41 The imprinting temperature returns to room temperature; thus, 
the imprinted structure can be obtained after demolding. Master molds can be used 
repeatedly. For UV-assisted nanoimprint, photoresist is applied. Under pressure, 
photoresist can be pressed into the trenches of the master mold. With UV curing, the 
photoresist solidifies and forms a rigid structure. After demolding, a nicely replicated 
nanostructured surface is leftover.42  
Other than thermal and UV NIL, a new kind of nanoimprint technology has recently 
been developed, solvent-assisted nanoimprint lithography. In this solvent-assisted 
patterning process, solvent evaporation and absorption into a soft PDMS template coincide 
with NIL patterning of various materials on substrates under an applied pressure resulting 
in excellent patterning of a number of materials from solution. Nanoparticle dispersions43-
45 and conducting polymers46 have been successfully imprinted via this technique.  
1.2.3 Roll-to-roll Manufacturing 
Most micro-/nano-fabrication techniques are processed in a batch by batch method, 
limiting their manufacturing efficiency. Roll-to-roll manufacturing systems have been 
developed to solve this problem, achieving high-throughput and continuous 
manufacturing. Both inkjet printing and nanoimprint lithography have been applied to roll-
to-roll manufacturing system.47,48 
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A typical roll-to-roll process is illustrated in Figure 1.4. When the rollers keep 
running, polymeric substrates can continuously go through step by step, including surface 
treatment, coating, imprinting, curing and demolding.49 With precise design, final products 
can be continuously developed via roll-to-roll system, allowing for a low manufacturing 
fee. Until now, researchers have successfully utilized roll-to roll system.to fabricate solar 
cells,50-52 transistors,53 light emitting diodes,54 etc.  
Figure 1.4 Illustration of roll-to-roll manufacturing process. (adapted from ref. 49)  
1.3 Dissertation Overview 
In this thesis, four main projects were performed and are fully discussed. Inkjet-
printing and nanoimprint lithography are the main techniques used in these projects. 
In Chapter 2, a flexible microfluidic device containing electrowetting valves and 
electrochemical transduction was developed. Microchannels with high fidelity were 
structured on a polymeric film using UV-assist nanoimprint lithography. The electrodes 
were inkjet-printed and photonically sintered on a secondary flexible polymeric film. The 
film containing electrodes was bonded directly to the channel-containing layer to form 
sealed fluidic device. Actuation of the multivalve system with food dye in PBS buffer was 
performed to demonstrate automated fluid delivery. The device was then used to detect 
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Salmonella in a liquid sample. This device fabrication is designed to be amenable to a roll-
to-roll manufacturing system, allowing for a low manufacturing cost. 
Chapter 3 focuses on examining the feasibility of wearable biosensor devices in sweat 
analysis. Inkjet-printed graphene and silver electrodes were fabricated on polyimide 
substrates. In order for biosensing with glucose and cortisol, inkjet-printed graphene 
electrodes were further modified with biorecognition elements, including glucose oxidase 
and cortisol antibody. This polyimide layer was further assembled with another PET layer, 
forming a capillary-flow driven microfluidic device. This device was proven to 
successfully detect glucose and cortisol concentration in synthetic sweat based on changes 
in electrochemical signals. Based on the conditions of human sweat, the effect of flow rate 
is investigated in detail. With synthetic human skin, real-time continuous monitoring 
glucose concentration with various flow rates is performed. Based on the results, we found 
that the lower flow rate can cause longer response time and decay time. The volume 
between inlet and sensing part is vital for this effect.      
Chapter 4 reports the fabrication of metal oxide woodpile electrodes via solvent-
assisted nanoimprint lithography and utilization of these electrodes in enzymatic glucose 
sensors and lithium-ion electrodes. The fabrication of woodpile electrodes involves ink 
formulation and optimizations for preventing defects. Several kinds of woodpile electrodes 
were successfully developed. The second part of this chapter investigates the applications 
of woodpile electrodes in biosensing and lithium-ion electrodes. CeO2 woodpile electrodes 
were applied for enzymatic glucose sensor; while TiO2 woodpile electrode was utilized as 
a lithium-ion electrode. The electrochemical performance of these electrodes with different 
number of layers was systematically performed. The relationship between structure and 
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performance was explained. Woodpile structures with high surface area can facilitate the 
efficient use of these electroactive materials  
Chapter 5 describes the development of patterned cellulose film via solvent-assisted 
nanoimprint lithography. Cellulose nanocrystals (CNCs) was applied as building blocks 
for fabricating nano-/microscale structured films with various structures, including line 
gratings and pillar patterns. This cellulose-based ink consisted of CNCs, citric acid, and 
sodium hypophosphite monohydrate. After imprinting, the patterned CNC films were 
crosslinked via the citric acid present under mild heat treatment. Film defects were 
observed when imprinting with high-resolution stamps. In order to obtain well-defined 
ultra-small structures, two different modification methods were applied to optimize the 
wettability between the CNC dispersions and the PDMS stamp. With these modifications, 
CNC films could be patterned on various substrates by either direct imprinting or reversal 
imprinting. The dimensions of the patterned features in the cellulose films were as small 
as 140 nm.  
The final chapter summarizes all these projects and present outlook for extended and 
potential research opportunities in the wearable biosensor devices fabrication. 
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CHAPTER 2 
DEVELOP FLEXIBLE MICROFLUIDIC DEVICES VIA UV NANOIMPRINT 
LITHOGRAPHY 
2.1 Introduction 
2.1.1 Current Limitations in Biosensor Devices Fabrication  
Over the past few decades, research in biosensor devices has led to dramatic 
decrease in limits of detection and incredible sensitivities. Unfortunately, to this date, very 
few examples of these devices have demonstrated commercial success and therefore most 
of these discoveries remain out of the hands of potential users. Recently, significant 
emphasis has been placed on low-cost biosensors for use in low-resource settings such as 
sub-Saharan Africa or remote parts of South America and Southeast Asia.1-4 While many 
researchers have now focused their attention on inexpensive materials to produce low-cost 
devices,2,3,5,6 the method of fabrication must also be taken into account during design to 
provide truly low-cost production.  
Among the materials used for microfluidic devices, polymers possess several 
attractive features such as low cost, biocompatibility, and disposability. Several fabrication 
techniques have been developed for polymer microfluidic devices, such as laser ablation, 
hot embossing and polymer casting.7,8 As a result, several examples of polymer 
microfluidic devices have been developed for use in clinical diagnosis, food safety, and 
environmental monitoring.9,10  
Polymeric materials, such as cyclic olefin copolymer (COC), polycarbonate (PC), 
polyvinyl chloride (PVC), poly(methyl methacrylate) (PMMA) and polydimethylsiloxane 
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(PDMS) have been commonly reported as substrates for microfluidic devices.11 Of all of 
the above-mentioned polymeric materials, PDMS is the most common choice due to its 
simple fabrication, low-cost, gas permeability, optical transparency, and non-toxicity.11 
Despite the convenience of PDMS and broad usage in academic laboratories, several 
drawbacks have limited the application of PDMS microchips: (1) poor chemical 
compatibility with many organic solvents; (2) surface modifications of PDMS are unstable 
over time; (3) the ability of PDMS to absorb small molecules into its matrix.11 
2.1.2 Thiol-ene Photoresist and UV-Nanoimprint Lithography  
To overcome concerns with PDMS microchips, researchers explore novel materials 
for replacement. Carlborg et al. reported a novel polymer microfluidic platform using thio-
ene (TE) polymer-based soft lithography.12 Saharil et al. also have introduced “click 
chemistry” using TE polymers to generate microchips rapidly with high purity and high 
yield.13 TE polymer can achieve rapid crosslink reaction with protection of N2, leading it 
as an ideal material for UV-nanoimprint lithography (UV-NIL). 
In this chapter, we used UV curable TE polymers and PET films to form a flexible 
microfluidic chip via nanoimprint lithography (NIL). NIL can be applied to roll-to-roll 
processing on a large-scale fabrication system allowing for high throughput and low-cost.14 
This technique can allow the microfluidic channels to be continuously formed on the 
flexible films with high fidelity. The roll-to-roll microfluidic fabrication process will open 
a high-volume manufacturing and low-cost platform for the future fabrication of 
microfluidic sensors.15 
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2.1.3 Capillary Flow-driven Microfluidics 
Other than scalability, we also prefer our microfluidic devices possess good 
portability. Right now, most of microfluidics require an additional external pumping 
mechanism to operate which limits their true portability and utility in point-of-care setting. 
Thus, some alternative methods such as electroosmotic flow have been developed to 
transport fluid.16 Electroosmotic flow, however, requires a high voltage source and is 
therefore less practical in a portable device. In contrast, the use of capillary flow to 
transport solutions does not require an external pump and can therefore simplify device 
design and fabrication, e.g. in pregnancy and blood sugar tests.17 The capillary flow within 
a microchannel is governed by several factors including the channel dimensions, sample 
viscosity, surface tension and contact angle between the sample and microchannel wall.18 
If the substrate selected for the microchannel cannot provide adequate capillary flow, 
reduction of the contact angle through surface modification must be considered. Oxygen 
plasma19 or UV irradiation20 are commonly used to create a hydrophilic surface, and thus 
improve capillary flow. 
2.1.4 Electrowetting Valves 
The main drawback for capillary flow-driven microfluidics is lack of fluidic 
control. To solve this, the incorporation of fluid handling valves can greatly enhance the 
utility of these microfluidic devices. My collaborator, Prof. Sam Nugen, has developed 
electrowetting valve technology for achieving further fluidic control with small potential. 
Electrowetting valve is based on a phenomenon called electrowetting on dielectric 
(EWOD).21 The hydrophobicity of a dielectric can be shifted to hydrophilic if a potential 
is applied across the electrode.22 For example, hydrophobic polytetrafluoroethylene 
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(PTFE), which is commonly used for electrowetting, becomes polarized and hydrophilic 
when a potential is applied. Therefore, an electrowetting PTFE layer, which can shift 
contact angle, can act as an electronically-controlled valve within a microchannel without 
the need of moving parts or an external pump.23 The illustration of electrowetting valve is 
shown in Figure 2.1. The fabrication of these electrodes can be easily created via inkjet-
printing technology. 
Figure 2.1 Illustration of electrowetting valve technology. (adapted from ref. 21) 
 
2.1.5 Project Summary 
In this chapter, we created a low-cost, pump-free, capillary flow-driven 
microfluidic chip that can control the flow of solutions in the microchannel, as well as 
demonstrated the utility of the device for electrochemical detection. The fabrication 
process used of photolithography to fabricate an SU-8 master and thermal curing to make 
a PDMS stamping template for nanoimprint lithography. The final device consisted of two 
flexible PET layers combined to form a flexible microfluidic device. One layer containing 
microchannels formed using a UV curable TE polymer based on nanoimprint lithography. 
The inkjet-printed three-electrode system and electrowetting vales were located on the 
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opposing layer. The detailed procedure is illustrated in Figure 2.2. A key feature of this 
strategy is that all processes can be scaled up to a roll-to-roll system to produce biosensors 
at a high throughput and low cost. This work is in collaboration effort with Dr. Junhong 
Chen, Dr. Danhui Wang, Dr. Fei He, Prof. Vincent M. Rotello and Prof. Sam R. Nugen. 
Figure 2.2 Bonding of inkjet-printed electrodes and microfluidic channels to form a 
microfluidic device using nanoimprint lithography. (i) spin coat SU-8 resist on silicon 
wafer and conduct photolithography (ii) remove the uncross-linked SU-8 resist using SU-
8 development solution, (iii) pour PDMS oligomers on SU-8 master and thermal cure, (iv) 
replicated PDMS template, (v-vi) prepare microfluidic channels on flexible PET film using 
nanoimprint lithography, (vii) inkjet-printed electrodes on flexible PET film, (viii) seal 
microfluidic channels and inkjet-printed electrodes using nanoimprint lithography and (ix) 
microfluidic device. 
2.2 Experimental 
2.2.1 SU-8 Master and PDMS Template 
The microchannel pattern was fabricated on a 5-inch silicon wafer using standard 
photolithography. Briefly, SU-8 2015 photoresist (MicroChem, Westborough, MA) was 
deposited onto the center of the silicon wafer and spun for 5 seconds at 500 rpm followed 
by 1 min at 1000 rpm. The final thickness of resist was approximately 55 μm. The SU-8 
structures were patterned using a contact aligner (Karl SUSS MA6, SUSS MicroTec, 
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Garching, Germany) following a soft bake at 95 °C for 4 min on a level hotplate. After 
developing for 4 min in SU-8 developer with gentle agitation, a post-exposure bake of 95 
°C for 5 min was performed. The wafer was then washed with isopropanol alcohol and 
dried with nitrogen gas. Finally, the patterned wafer was baked at 95 °C for 2 min and 
stored until use. The PDMS elastomer mixture (10:1 weight ratio of Sylgard 184 silicone 
elastomer base and curing agent, Dow Corning) was mixed and degassed in vacuum oven 
for 1 h at room temperature. The mixture was then poured on the SU-8 patterned wafer and 
placed into a heated oven. After heating at 60 °C for 2 h, the PDMS template was carefully 
removed from the master wafer. The dimensions of the SU-8 master and PDMS template 
were measured by optical profilometry (Zeta Instruments, San Jose, CA). 
2.2.2 UV-Nanoimprinting of Microfluidic Channels 
The nanoimprint resist consisted of 2.40 g of 1,3,5-Triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TE-Allyl, Acros Organics, Fair Lawn, NJ), 3.60 g of 
pentaerythritol tetrakis(3-mercaptopropionate) (TE-Thiol, Sigma-Aldrich, St. Louis, MO) 
and 0.06 g of benzoin methyl ether (Sigma-Aldrich, St. Louis, MO). The resist was spin-
coated onto clean polyethylene terephthalate film (PET, 130 μm, McMaster, Robbinsville, 
NJ) at 500 rpm for 30 seconds. The nanoimprinting of microfluidic channels was 
performed using a Nanonex NX-2000 nanoimprinter (Nanonex, Monmouth Junction, NJ) 
using the PDMS template as a stamp. Nanoimprinting was conducted using UV light (365 
nm) with a pressure of 482 kPa for 4 min. 
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2.2.3 Inkjet-printing of Electrodes 
The electrode pattern was designed using AutoCAD (Autodesk, San Francisco, 
CA). The silver ink (JS-B30G, Novacentrix, Austin, TX) and gold ink (UTDAuIJ, UT 
Dots, Champaign, IL) were printed on a clean PET film using a Dimatix Inkjet Materials 
Printer (FujiFilm, Santa Clara, CA). For the deposition of both inks, the temperature of 
stage and printer head were set to 30 °C. The drop space was 30 μm, which provides a print 
resolution of 847 dpi. The driving voltage of nozzles was 24-26 V. After printing, the silver 
and gold electrodes were sintered using photonic curing (Novacentrix, Austin, TX) with 
300 V / 250 microseconds and 450 V / 250 microseconds, respectively. In order to cut 
sample injection ports, the flexible PET film was laser ablated using a CO2 laser 
(EpilogLaser, Golden, CO). 
2.2.4 Electrowetting Valve Fabrication 
The electrowetting valves required a hydrophobic surface modification on the 
second electrode. To modify these electrodes, 3 μL of 3 mM 1H,1H,2H,2H-
perfluorodecanethiol (PFDT, Sigma-Aldrich, St. Louis, MO) in ethanol (Sigma-Aldrich, 
St. Louis, MO) was deposited on the second silver electrode of each valve. Following 
vaporization of the solution, the process was repeated three times to form a self-assembled 
monolayer (SAM).23 The surface morphology of the electrodes was observed using 
Scanning Electron Microscopy (SEM, FEI Hillsboro, OR). Contact angles of electrodes 
before and after modification were measured using VCA Optima surface 
analysis/goniometry (AST Products, Billerica, MA). 
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2.2.5 Bonding Process 
A 5x diluted nanoimprint resist with propylene glycol monomethyl ether acetate 
(PGMEA, Alfa Aesar, Ward Hill, MA) was used for binding the PET film containing the 
microfluidic structures to another PET film containing the inkjet-printed electrodes. The 
binding resist was spin coated on PET film with microchannel at 2500 rpm for 30 seconds 
and placed on hot plate at 60 °C for 2 min. The PET containing inkjet-printed electrodes 
was aligned onto the channel-containing PET. Then, the Nanonex NX-2000 nanoimprinter 
was used to press the two films together under the UV light with a pressure of 172 kPa for 
4 min. 
2.2.6 Electrode Characterization 
All electrochemical measurements were conducted on the microfluidic chip using 
a handheld potentiostat (PalmSens, BV, Netherlands). Cyclic voltammetry (CV) was 
performed on the gold working electrode at room temperature between -0.5 V and +0.3 V 
using 1 mM ferrocene methylalcohol (Sigma-Aldrich, St. Louis, MO) in 0.05 M H2SO4. 
The CV was used to characterize the electrodes at various scan rates (5, 10, 25, 50, 100 and 
200 mV/s).  
2.2.7 Salmonella Detection 
Salmonella enterica (SA, ATCC 14028) was selected to demonstrate that the 
microfluidic device could be used to detect bacteria. The Salmonella was inoculated into 
Luria broth and incubated overnight at 37° at 200 rpm. The harvested bacteria were ten-
fold serially diluted using 0.01 M phosphate buffer saline (PBS) buffer. 100 μL of diluted 
solution was plated on LB agar to obtain bacteria concentration. To perform the assay, 20 
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μL of antibody-conjugated magnetic beads (MB-Ab1, Dynabeads®, Invitrogen™, Life 
Technologies) were added into 1 mL of a Salmonella-containing solution (105 and 106 CFU 
mL-1, 0 CFU mL-1 as control), and agitated at room temperature for 30 min. The MB-Ab1-
SA were separated and washed three times using 0.01 M PBS buffer containing 1% bovine 
serum albumin (Fisher Scientific, Fair Lawn, NJ), and dispersed into 1 mL of PBS buffer. 
20 μL of 10 μg mL-1 alkaline phosphatase labelled antibody (ALP-Ab2, KPL, MD) were 
added into above solutions and incubated for 30 min at room temperature. After placing 
magnet under the working electrode, 10 μL of the sample solutions, washing buffer and 
enzymatic substrate solution containing 5 mM L-ascorbic acid 2-phosphate (AAP, Fisher 
Scientific, St. Louis, MO) and 10 mM tris(2-carboxyethyl) phosphine (TCEP, Fisher 
Scientific, St. Louis, MO) were pipetted into inlet 1, inlet 2 and inlet 3, respectively. 
Following a 30-min incubation, the electrowetting valves were opened in a timed series 
and amperometric detection (condition: potential: 0.35 V; scan rate: 0.01 mV s-1; time: 150 
s) was conducted to quantify the analyte. 
2.3 Results and Discussion 
2.3.1 SU-8 Master and PDMS Template Characterization 
Photolithography using SU-8 is a common method to fabricate micro-scale molds 
for microfluidics.24 A thickness below 2 μm was obtained by diluting the resist. In this 
study, an SU-8 structured wafer was used as a mold for the PDMS template (stamp). After 
PDMS oligomers were poured on the SU-8 master and cured, PDMS could be removed 
from the master without disruption of the formed structures. This method has previously 
been used to replicate submicron feature sizes in PDMS.25 The replicated features of 
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microchannel were measured using optical profilometry. The profilometry results for both 
the SU-8 master and PDMS template were shown in Figure 2.3. For the microfluidic 
channel design, the microchannels were 1000 μm in the width and 55 μm in depth (Figure 
2.3 c-d). 
Figure 2.3 Optical 3D profilometry images of (a) SU-8 master and (b) PDMS template, 
channel thickness of (c) SU-8 master and (d) PDMS template. 
2.3.2 Inkjet-printed Electrode Characterization 
Electrodes for microfluidic devices are commonly patterned using either 
photolithographic methods that involves the sputtering or evaporating of metals,26 or screen 
printing where a conductive paste is patterned through a mesh.27 While photolithographic 
methods can offer exceptional feature sizes, the process is expensive, requires a vacuum, 
and therefore is not always applicable for high throughput, low-cost devices. Inkjet-
printing of electrodes provides the advantage of rapid prototyping and targeted patterning. 
Inkjet-printing has also previously been paired with roll-to-roll manufacturing for 
continuous processing.28 
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Here, the working electrode and counter electrode pads (gold nanoparticle ink) and 
the valves and reference electrode (silver nanoparticle ink) were inkjet-printed on flexible 
PET film using Fuji Dimatix Inkjet Materials Printer (Figure 2.4a). The inks all required 
high temperature sintering for adequate electrical conductivity. Compared to microwave 
flash sintering,29 laser pulse sintering30 and oven-based sintering at high temperatures, a 
sintering process using UV photonic curing allowed the use of PET as a substrate that has 
a lower temperature tolerance. The UV photonic curing provided an instantaneous high 
temperature to evaporate the solvents and surfactants in the inks and sinter the 
nanoparticles for improved conductivity. Figure 2.4b shows the gold electrodes (i and ii)  
Figure 2.4 Photography of (a) electrodes were inkjet-printed by inkjet printer, (b) inkjet-
printed gold electrode (i and ii) and silver electrode (iii and iv) before and after sintering 
using Pulseforge, respectively, (c) electrodes on flexible PET film, (d-f) SEM images of 
electrode on flexible PET film at different magnifications. 
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and silver electrodes (iii and iv), respectively, before and after photonic sintering. After 
sintering, the sample injection ports on the PET film containing electrodes were cut using 
a CO2 laser (Figure 2.4c). The morphology of inkjet printing electrodes on flexible PET 
film was measured using SEM at varying magnifications (Figure 2.4 d-f).  
2.3.3 Contact Angle Measurements 
The most important influencing factor of capillary flow within a microchannel is 
contact angle (hydrophilicity) of the channel surface in addition to some properties of the 
liquid. Water contact angle measurements provide a quantitative measure of wettability, 
with hydrophobic surfaces having a large contact angle > 90°. In this study, all the contact 
angles on solid surfaces were measured using 10 μL PBS buffer (0.01 M, pH 7.4) on a 
VCA Optima Goniometer (AST Products, Billerica, MA). PDMS is hydrophobic by 
nature. Oxygen plasma treatment can decrease the contact angle and yield a hydrophilic 
surface. However, the surface wettability will be affected as the surface reverts to be 
hydrophobic in nature within several hours to a few days, depending on temperature.31 The 
UV curable TE polymer we used in our study can overcome this issue. The contact angles 
of UV curable TE polymer and PET film were 77.8° ± 2.1 (Figure 2.5a) and 77.4° ± 1.5 
(Figure 2.5b), respectively. The use of these polymers provides a suitable hydrophilicity 
for a capillary-driven microfluidic device. 
In contrast to the channels, hydrophobic surfaces are required for electrowetting 
valves. The contact angle of bare silver electrode was 76.1° ± 5.3 (Figure 2.5c). Following 
surface modification with 1H,1H,2H,2H-perfluorodecanethiol (PFDT), contact angle of 
silver electrodes increased to 134.2° ± 0.2 (Figure 2.5d), which acts as a barrier for capillary 
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flow. A reduction in contact angle using the electrowetting process allows the capillary 
flow to continue. 
Figure 2.5 Contact angles of 10 μL of PBS buffer on (a) TEs polymers, (b) PET film, (c, 
d) silver electrode before and after surface modification, respectively. 
2.3.4 Fabrication of the Microchannels 
The main compounds of UV curable TE precursor were 1,3,5-Triallyl-1,3,5-
triazine-2,4,6(1H,3H,5H)-trione (TE-Allyl) and pentaerythritol tetrakis(3-
mercaptopropionate) (TE-Thiol) (Figure 2.6a). Under UV irradiation, the precursor cross-
linked and solidified through bonding between a carbon double bond and thiol group.32,33 
In order to fabricate the microchannel, a thin layer of TE precursor was spin coated on a 
PET film. After pattern-containing PDMS stamp was placed on the PET, the TE conformed 
to the stamp and was cross-linked with UV light. After the microchannel was hardened, 
the PDMS template was removed and the microchannel structure was obtained on flexible 
PET film (Figure 2.6b). 
Following the surface modification of the electrowetting electrodes, the electrode-
structured PET films and the microchannel-structured PET films were bonded together to 
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seal the fluidic device. The bonding process was likewise accomplished using nanoimprint 
lithography (Figure 2.6a). Firstly, a thin coating of 5x diluted TE precursor was deposited 
onto the PET film containing the microchannels. This film was then aligned onto the 
electrode-containing PET and pressed together. The three layers (PET film-TE polymer-
PET film) can been observed on a cross-sectional image of a sealed microchannel (Figure 
2.6c). 
Figure 2.6 (a) TE polymer precursor (i) TE-Allyl, (ii) TE-Thiol, (iii) diagram of bonding 
process using nanoimprint lithography, (b) SEM images of microfluidic channel on flexible 
PET film and (c) cross-sectional SEM image of a sealed microchannel. 
2.3.5 Electrowetting Valve Actuation 
Electrowetting valves have been implanted into various capillary flow microfluidic 
devices.20,23,34 Each electrowetting valve contained two inkjet-printed silver electrodes. 
The second electrode modified with hydrophobic monolayer (PFDT) resulted in a 
termination of capillary flow. He et al. reported that a potential of 4 V can reduce water 
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contact angle to 70° within 10 seconds which allowed capillary flow to continue.23 Koo et 
al. inkjet-printed silver electrodes on paper-based analytical device to control the flow of 
reagents.34 
In this work, a pump-free microfluidic chip using UV curable flexible polymer film 
has been developed. The fluid delivery is driven by capillary flow and incorporated an 
absorbent pad for continuous flow. In order to test the performance of electrowetting, food 
dyes in 0.01 M phosphate buffer saline solution were used for visual help. The flow of all 
three dye solutions was stopped at the second silver electrodes that were modified with 
PFDT (Figure 2.7b). To actuate the valves, a 12 V potential was applied across the modified 
and unmodified electrodes. This application of potential resulted in the continuation of 
capillary flow within the channel (Figure 2.7c-e). The solutions were delivered across the 
working electrodes at specific time intervals and orders (yellow, red, green). This format 
enables a simple automation of the assay procedure using a standard relay. 
Figure 2.7 (a) Schematic diagram of microfluidic chip consisting of three inlets, three 
electrode valves and three-electrode system. RE: reference electrode; WE: working 
electrode; CE: counter electrode, Visual inspection of electrowetting on microfluidic chip 
using food dye solution (0.01 M phosphate-buffer saline solution with 5% food dye): 
photography of (b) yellow, green and red dye solution stopped on the valves, respectively, 
(c) yellow dye solution flowed after valve opened, (d) red dye solution flowed after valve 
opened and (e) green dye solution flowed after valve opened. (ruler scale on the right side) 
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2.3.6 Characterization of Electrochemical Microchip 
The three-electrode system on the microfluidic chip was designed to conduct an 
electrochemical detection on-chip. In order to facilitate the transfer of charge from analyte, 
the surface area of working electrode was inkjet-printed larger than other two electrodes. 
In our study, a standard Ag/AgCl electrode was selected as the reference electrode. To 
fabricate the electrode on the film, KCl (3.5%, w/v) was deposited onto the reference 
electrode and the electrodes were then baked at 95 °C for 5 min. This process was repeated 
three times.35 
Cyclic voltammetry on the gold working electrodes were run in triplicate using 10 
μL of 1 mM ferrocene methylalcohol in 0.05 M H2SO4 to demonstrate the electrode 
functionality. Six scan rates (5, 10, 25, 50, 100 and 200 mV/s) were tested from -0.5 V to 
+0.3 V at potential step of 0.01 V. The characteristic volatmmograms as a function of scan 
rate are shown in Figure 2.8. The anodic and cathodic peak currents were plotted to the 
square root of the scan rate between 5 to 200 mV/s (inserted figure). The current on gold 
working electrode exhibited a linear relation to the square root of the scan rate, which 
agreed with the Randels-Sevick relation.36 The linear relation indicated the mass transfer 
in this three-electrode system was a diffusion-controlled process similar to reported 
electrodes.37,38 
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Figure 2.8 Representative cyclic voltammetry of gold working electrode at different scan 
rate (5, 10, 25, 50, 100 and 200 mV/s) for 1 mM ferrocene methylalcohol in 0.05 M H2SO4. 
All of the CVs were detected under the same potential step from -0.5 V to +0.3 V, (insert 
figure) the relationship between anodic and cathodic currents and the square root of the 
scan rate, each measurement was carried out in triplicates using a new microchip (n = 3). 
2.3.7 Salmonella Detection 
Salmonella is a pathogen often associated with contaminated food or water.39,40 The 
ability to rapidly detect Salmonella in a portable device could reduce the risk of illness. 
The conventional and accepted culture methods to detect bacteria are laborious and time-
consuming. Although polymerase chain reaction (PCR) can detect low concentrations of 
bacteria, the detection processes is complicated, and the results are easily affected by 
sample purity. Our proposed method as well as enzyme-linked immunosorbent assays 
(ELISA) are commonly used immunological-based assays, which are rapid, sensitive and 
specific to target antigens. Electrochemical detection of Salmonella was performed using 
the microfluidic device. In order to sample larger volumes, a pre-concentration step that 
utilizes antibody-coated magnetic beads was employed.  Following concentration, the 
bacteria were tagged with an antibody-alkaline phosphatase reporter.41 When the 
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sandwiched analytes were deposited into the microfluidic device, the magnet under 
working electrode was able to capture the complex on the working electrode. The beads 
were washed with a buffer from the second inlet followed by the introduction of a reaction 
solution from the third inlet. The reaction solution contained AAP and TCEP that allow a 
prolonged electrochemical reaction. The ALP on reporter antibodies can catalyse AAP to 
produce AA, which can be regenerated by TCEP. On the working electrode, the 
electroactive AA can be electrochemically detected by the amperometric response (Figure 
8a). And the electron transfer rate of was used to quantify the concentration of Salmonella. 
The charge on the working electrode increased linearly as time increased (Figure 2.9b). 
The charges at 100 seconds for Salmonella solution (0, 105 and 106 CFU mL-1) were 3.44 
± 0.66, 13.61 ± 1.49 and 33.83 ± 6.37, respectively. These concentrations of bacteria all 
exhibited a statistical significance among them (P < 0.01) (Figure 2.9c). In addition, the 
repeatability of the device is demonstrated by the relatively low standard deviation within 
the replicates. 
Figure 2.9 (a) schematic representation of electrochemical detection of Salmonella based 
on generation of AA by ALP on reporter antibodies and redox cycling of AA by TCEP. (b) 
chronocoulograms obtained at 0.35 V on working electrode for Salmonella with a 
concentration of 0, 105 and 106 CFU mL-1. (c) concentration dependence of charge at 100 
seconds on the concentration of Salmonella. (error bars represent the standard deviation of 
a minimum of three replicates) 
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2.4 Conclusions and Outlook 
Current fabrication methods for biosensors such as photolithography are costly and 
therefore can increase the cost of the final devices significantly. Low-cost methods exist 
for device such as lateral flow assays but are limited in their complexity. There exists a gap 
in current technology for a low-cost nanofabrication method that can produce advanced 
biosensors in a continuous low-cost scalable manner. In order to deliver a low-cost device 
to users, both the materials and manufacturing methods must be accounted for. By 
balancing the cost of manufacture and raw materials, we have fabricated a low-cost, pump-
free, capillary flow-driven microfluidic chip which can control the flow of solution in the 
microchannels, as well as perform an electrochemical detection. The fabricating process is 
designed for a roll-to-roll system to obtain commercial-scale fabrication with high 
throughput and low-cost.  
This process was designed to mimic prototyping for roll-to-roll manufacturing. In 
roll-to-roll systems, gravure coating will be used in place of spin coating in order to form 
a thin layer of material on the PET films. Techniques such as gravure coating, nanoimprint 
lithography, inkjet printing and photonic curing can be paired with these roll-to-roll 
systems to allow high throughput fabrication.14,15,28 The results in this study will enable 
biosensors fabrication on a larger commercial scale and with high throughput in the future. 
The ability to fabricate cost effective biosensors using roll-to-roll system will have a 
significant impact on the high-tech nanomanufacturing industry. 
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CHAPTER 3 
DEVELOP SWEAT-BASED MICROFLUIDIC DEVICES FOR GLUCOSE AND 
CORTISOL SENSING WITH PRINTED GRAPHENE ELECTRODES 
3.1 Introduction 
3.1.1 Sweat-based Microfluidic Devices for Biosensing 
Human sweat has abundant information about health status and excellent source for 
non-invasive monitoring.1 Sweat analysis can be utilized for applications such as disease 
diagnosis, drug abuse detection, and athletic performance optimization.2 For example, Wei 
et al. have developed a fully integrated wearable sensor arrays for multiplexed in situ 
perspiration analysis.3 This device can continuously monitor the concentration of Na+, K+, 
glucose and lactate using human sweat. 
3.1.2 Glucose Sensor 
3.1.2.1 State-of-the-art for Glucose Monitoring 
Monitoring of glucose concentration to avoid diabetics emergencies is critical for 
effective treatment.4 Over last four decades, glucose monitoring technology has been 
widely used in the management of diabetes. Detection of glucose concentration can be 
achieved with various methods, such as fluorescence, thermal infrared, kromoscopy, MIR 
spectroscopy and so on.5 Among them, glucose oxidase (GOx)-based glucose biosensors 
with electrochemical detection have attracted lots of the glucose sensor research and 
development due to their high demand of sensitive and reliable glucose monitoring in 
biological and clinical aspects.6,7  
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3.1.2.2 Electrochemical Detection of Glucose 
Until now, three main types of “enzymatic glucose biosensors” have been developed 
using electrochemical measurements, as summarized in Figure 3.1. First generation of 
glucose sensor detects glucose with glucose oxidase (GOx) and dissolved oxygen.8 Instead 
of dissolved oxygen, 2nd generation utilizes a redox mediator to transfer electrons to the 
working electrode surface. As for 3rd generation, direct electron transfer between the active 
center of the enzyme and the electrode at a critical distance is required for sensing.9 
Recently, non-enzymatic glucose sensors have emerged as 4th generation, which directly 
oxidase glucose without usage of enzyme.10 Non-enzymatic glucose sensors have better 
chemical resistance and long term stability, but less selectivity.  
Figure 3.1 Summary of glucose sensor mechanisms: presented as enzymatic (first-, second 
and third-generation sensors) and non-enzymatic (so-called herein “fourth-generation” 
sensors). (adapted from ref. 9) 
3.1.3 Cortisol Sensor 
3.1.3.1 Cortisol 
Cortisol is a steroid hormone, necessary for the regulation of blood pressure, 
cardiovascular function, and many metabolic activities. The body regulates cortisol levels 
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by controlling cortisol secretion and production based on levels in the bloodstream.11 An 
excess of cortisol leads to Cushing’s syndrome with symptoms that include obesity, 
fatigue, and skin and bone fragility.12 A deficiency in cortisol leads to Addison’s disease 
with symptoms including weight loss, fatigue, and darkening of skin folds and scars.13 
Changes in cortisol levels can be due to physical stresses such as injury and illness as well 
as psychological stresses including depression and fatigue, resulting in the popular name 
as “stress-hormone”.14 Thus, detection of cortisol levels has become an important 
diagnostic indicator of the overall stress and disease state of patients. 
3.1.3.2 State-of-the-art for Cortisol Detection 
Various methods have been developed for cortisol detection. Based on their 
measurement principles, these methods can be categorized into three major groups: 
chromatographic techniques, immunoassays and immunosensor. (Figure 3.2) 
Chromatographic techniques are some of the first methods used to detect cortisol. 
Cortisol is separated from bio-fluids with these techniques by mass transfer induced 
adsorption. Liquid chromatography (LC), mass spectrometry (MS), high-performance 
liquid chromatography (HPLC) and coupled spectroscopy have been applied for cortisol 
detection.15-18 Immunoassays are based on the recognition between antibody and antigen. 
Radio and luminescent immunoassays utilize radioisotopes and fluorescent tags as 
labels.19,20 Among immunoassays, enzyme linked immunosorbent assay (ELISA) has been 
found as the most sensitive and versatile.21 Though it has tedious processes and long 
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incubation time, high sensitivity and accuracy still make ELISA considered the gold 
standard in the cortisol concentration determination.  
Figure 3.2 State-of-the-art for cortisol detection. (adapted from ref. 22) 
3.1.3.3 Electrical Immunosensor of Cortisol 
Recently, electrochemical immunosensors have emerged as the most promising 
approach to cortisol detection. Due to the adsorption of cortisol on the surface 
functionalized with anti-cortisol, the electrical properties of a conductive material will 
change in proportional to various concentrations. Various conductive materials have been 
applied for cortisol immunosensors, such as Au,23,24 zinc oxide,25,26 graphene oxide11,27 and 
carbon nanotube.28 As an example, Sunil et al. fabricated Au interdigitated μ-electrodes 
(IDμEs) functionalized with dithiobis(succinimidyl propionate) (DTSP) self-assembled 
monolayer, as shown in Figure 3.3.23 Electrochemical impedance spectroscopy (EIS) was 
conducted for electrochemical measurement. The charge transfer resistance (Rct) of bio-
electrode was largely increased due to the adsorption of cortisol. Other than EIS, cyclic 
voltammetry and chronoamperometry can also be applied for cortisol detection.  When 
cortisol is attached on the electrode surface, the charge transfer between electrodes will be 
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blocked. The extent of cortisol absorption can be assessed via these electrochemical 
techniques. 
Figure 3.3 (a) Schematic for interdigitated μ-electrodes (IDμEs), (b) EIS spectra of EA-
Gly/C-Mab/DTSP/IDμE bio-electrode for cortisol concentration. (adapted from ref. 23) 
3.1.4 Inkjet-printed Graphene Electrode 
Though most of these developed glucose and cortisol sensors exihibit good sensitivity 
and selectivity, high manufacturing cost and lack of scalability largely limit their potential 
applications in point-of-care. To date, direct printing techniques, such as inkjet printing, 
have been emerged as favorable fabrication methods in fabricating sensor devices under a 
low-cost, continuous way.  
 Here, we utilized graphene ink, developed by Hersam group at Northwestern 
University, as key sensing materials. This ink is produced by a liquid exfoliation method 
from graphite in a solution of acetone and nitrocellulose using a high-shear rotor-stator 
mixer.29 As demonstrated in Figure 3.4, this graphene ink has been inkjet-printed on 
flexible substrates with high resolution. Compared to their previous ink, stabilized by ethyl 
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cellulose, this ink has better mechanical and environmental stability, and is more suitable 
for flexible sensor applications. 
Figure 3.4 Inkjet printing of the graphene/nitrocellulose ink. (adapted from ref. 29) 
3.1.5 Project Summary 
A sweat-based microfluidic device is developed with inkjet-printed electrodes. These 
inkjet-printed graphene electrodes can be further developed for glucose and cortisol 
detection. A synthetic human skin, developed by Anita Dey and Prof. John Rothstein, is 
incorportated into the detection system, for mimicking practical conditions of human 
sweat. For glucose part, we achieve continous deteciton of glucose concentration and 
further understand the influence of sweat flow rate on real-time monitoring. For cortisol 
part, we develop cortisol sensors with inkjet-printed graphene electrodes. These cortisol 
sensors can potentially achieve multi-time measurements with help of electrowetting 
valves. This project is in collaboration with Aditi Naik, Anita Dey and Prof. John 
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Rothstein. Aditi focused on inkjet-printing and device fabricating. Anita developed a 
synthetic skin for assessment. My focus is to modify inkjet-printed graphene electrodes to 
glucose and cortisol sensors. The design of microfluidic device is list as Figure 3.5. 
Figure 3.5 Illustration of sweat-based microfluidic devices with inkjet-printed electrodes. 
3.2 Experimental 
3.2.1 Ink Preparation and Deposition 
Well-dispersed graphene ink was composed of graphene flakes exfoliated from 
graphite by probe ultrasonication and capped by nitrocellulose. The graphene dispersion 
used for printing was 16.7 mg mL-1 graphene/nitrocellulose in a solution of 4:1 ethyl lactate 
(Sigma-Aldrich) to alpha-terpineol (Alfa-Aesar) by volume. Metalon JSB-25HV 
nanosilver ink with ~25 wt% silver in an aqueous dispersion was used for printing. A 
Dimatix DMP-2850 (Fujifilm) inkjet printer with a 10 pL cartridge was used to print the 
graphene and silver patterns on polyimide (PI, Kapton, American Durafilm) polyimide (PI) 
and polyethylene terephthalate (PET, Novele, Novacentrix) films, respectively. For 
graphene patterns, 25 layers of ink were printed using 16 nozzles and annealed at 350 °C 
for 30 min until conductive. For silver patterns, 2 layers of ink were printed using 4 nozzles 
for the sweat sensors and 1 layer for the electrowetting valve. The printed silver was 
annealed at 125 °C on PET for 5 min and 285 °C on PI until conductive. 
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3.2.2 Fabrication of Reference Electrode  
A solution of ferric chloride was diluted with DI water until 50 mM in concentration. 
The FeCl3 solution was drop-casted over the printed silver electrode to convert the top layer 
of printed silver to AgCl. The reaction was quenched with water after 1 min and the 
Ag/AgCl electrode allowed to air dry. 
3.2.3 Microfluidic Device Assembly 
The microfluidic devices were fabricated from PI (25 um thickness), pressure-
sensitive adhesive (PSA, ARCare 92712, 48 um thickness), and PET (140 um thickness) 
layers, which were individually laser cut according to CAD designs. The microfluidic strip 
was cut to 78 μm by 18 μm dimensions. A single layer of PSA was used to produce the 1 
mm microchannel between the PI and PET films. To offer additional mechanical stability, 
a layer of PET sandwiched between two layers of PSA was adhered to the base of the 
microfluidic device. 
3.2.4 Preparation of Glucose Sensor with Inkjet-printed Graphene Electrode 
A prussian blue (PB) thin film was electrodeposited on the inkjet-printed graphene 
electrode by applying a constant potential of 0.4 V (vs. Ag/AgCl) for 120 s. The deposition 
bath was composed of 2.5 mM FeCl3, 100 mM KCl, 2.5 mM K3Fe(CN)6, and 100 mM HCl. 
The glucose sensor was obtained by drop-casting 5 μl of the glucose oxidase/chitosan 
solution onto the graphene/PB electrode. The preparation of glucose oxidase/chitosan 
solution is listed as following: 1% chitosan solution was first prepared by dissolving 
chitosan in 2% acetic acid with magnetic stirring; Then, this chitosan solution was mixed 
thoroughly with glucose oxidase solution (100 mg ml−1 in artificial perspiration, pH 4.5) 
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and 0.25 wt% glutaraldehyde solution in 1:2:1 volume ratio. These modified electrodes 
were stored at 4 °C for further use. 
3.2.5 Preparation of Cortisol Sensor with Inkjet-printed Graphene Electrode 
Au NPs were electrodeposited on the inkjet-printed graphene surface. The deposition 
was achieved in 5 mM HAuCl4 solution via applying at -0.2 V (vs. Ag/AgCl) for 60 s. As 
for antibody immobilization, graphene/Au electrodes were immersed in the solution of 10 
mM DTSP in DMSO for 2 h for SAM formation. 20 μL cortisol antibody (10 µg mL−1) 
was immobilized on the graphene/Au/DTSP electrode for 2 h followed by carefully 
washing with PBS (pH 7.4, 10 mM) to remove unbound antibody.  Finally, antibody 
modified graphene electrode was immobilized with 20 μL 5% ethanolamine for 10 min, 
blocking unreacted succinimidyl group. The fabricated bioelectrodes were stored in 
refrigerator at 4 °C before use. 
3.2.6 Preparation of the Glucose and Cortisol Solution 
A glucose stock solution (0.1 M) was prepared in artificial perspiration (pH 4.5) then 
left at room temperature for about 24 h prior to use to ensure the formation of β-D-glucose.  
The glucose solution with specific concentration was obtained with further dilution.  
As for cortisol solution, 1.0 mg/mL cortisol stock solution in methanol (sigma) was 
diluted with artificial perspiration for specific concentration. 
3.2.7 Electrochemical Measurements 
All electrochemical measurements were carried out using CHI 660E. Glucose sensors 
were carried out using a two-electrode setup with graphene/PB as the working electrode 
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and inkjet-printed Ag/AgCl as the both counter and reference electrode. The glucose 
sensing is carried out with amperometric studies. The current between electrodes were 
monitored in artificial perspiration (pH 4.5) via application of −0.05 V versus Ag/AgCl 
electrode.  
The detection of cortisol was achieved with three-electrode setup with graphene/Au 
as working electrode, pristine graphene as counter electrode and Ag/AgCl as the reference 
electrode. The spectra of cyclic voltammetry (CV) curves in characterization of electrode 
modification were recorded in PBS solution (10 mM, pH 7.4) containing a 5 mM 
Fe(CN)6
3−/4- redox probe.  As for cortisol detection, these modified graphene electrodes 
were incubated with cortisol solution for 30 min, ensuring proper binding.  Then, these 
electrodes were immersed with a redox solution. (5 mM Fe(CN)6
3−/4- in PBS) The 
electrochemical chronoamperometric measurements at +0.4 V were recorded to monitor 
the change in the current response of these printed electrodes. 
3.3 Results and Discussion 
3.3.1 Synthetic Human Skin 
 
Figure 3.6 (a) Design of synthetic human skin with PDMS; (b) Optical image of synthetic 
human skin. 
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A synthetic human skin with PDMS was developed with photolithography and soft 
lithography, as shown in Figure 3.6. The number of sweat pores and distrubution is based 
on parameters of real skin. The diameter of pore size in the synthetic skin is 50 μm, similar 
as size of sweat glands. Fluid can be well transported to sweat-based inkjet-printed sensors 
with this synthetic skin for further assessment. 
3.3.2 Device Fabrication 
Graphene electrodes and silver electrodes were directly inkjet-printed on the 
polyimide substrate. These electrodes were annealed at 350 °C for 30 min. Then silver 
electrode was turned to Ag/AgCl with FeCl3 aqueous solution as reference electrode. 
Pressure sensitive adhesive (PSA) was applied for connecting PET layer and pre-printed 
polyimide layer together. This PSA layer has been laser-cutted, forming microfluidic 
channel. Finally, another PSA layer was used for connecting this device with synthetic 
human skin. The detailed illustration for device fabrication is shown in Figure 3.7.  
Figure 3.7 Fabrication design for sweat-based microfluidic device. 
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Based on specific application, these graphene electrodes were modified with different 
biorecognition materials for achiving specific interactions with glucose and cortisol. 
Glucose sensors with inkjet-printed graphene electrodes and their data will be discusssed 
in Chapter 3.3.3 and cortisol sensor part will be explained in Chapter 3.3.4. 
3.3.3 Glucose Sensor with Inkjet-printed Graphene Electrode 
3.3.3.1 Prussian Blue-modified Graphene 
Prussian blue (PB) is known as a dark blue pigment. They are also widely used as 
mediator for glucose sensing.30-32  One big advantage of utilizing prussian blue as mediatior 
layer is that it can minmize the redox potentials to approximately 0 V verus Ag/AgCl 
electrode.3 Figure 3.8a illustrate mechanism of  PB-coated graphene electrode in glucose 
sensing. In the enzymatic film, glucose is oxidized, with formation of δ-gluconolactone 
and H2O2. The apperance of H2O2 can be easily detected with help of prussian blue. During 
electrochemical reastions, prussian blue is reduced to prussian white, providing a high 
catalytic effect for the reduction of H2O2. 
The thin prussian blue layer was synthesized via electrodeposition. The  solution for 
PB-deposition contains 2.5 mM FeCl3, 100 mM KCl, 2.5 mM K3Fe(CN)6, and 100 mM 
HCl. The electrode surface before/after PB deposition is observed via SEM (Figure 3.8 b-
c).  The image of PB-graphene electrode shows that PB nanoparicles were well-coated on 
the surface of graphene electode. Cyclic voltametry (CV) of PB-graphene electrode in 0.1 
M KCl is shown in Figure 3.8 d-e. The cathodic and anodic peaks in CV prove the redox 
reaction between prussian blue and prussian white. These CV curves at different scan rates 
(10 mV/s – 50 mV/s) are typical of quasi-reversible redox process. The peak currents 
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linearly increased with the square root of scan rate, indicating a diffusion-control process. 
The stability of this PB-coating layer is confirmed with multi-cycle CV test in Figure 3.8 
e. The peak currents maintain similar value after 50 cycles. 
Figure 3.8 (a) Mechanism for PB-based biosensor with an oxidase; SEM images of inkjet-
printed graphene electrode (b) and PB-coated graphene electrode (c); (d) CV curve of PB-
graphene electrode in 0.1 M KCl with various scan rate; (e) 50 cycles of CV curve of PB-
graphene electrode in 0.1 M KCl. 
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3.3.3.2 Glucose Sensor with PB-graphene Electrode 
To further develop PB-graphene electrodes into glucose sensor, an enzyme layer with 
glucose oxidase (GOx) is required. Here, GOx is mixed with chitosan and glutaraldehyde 
in buffer solution. 5 µL of enzyme solution was placed on the electrode, forming an enzyme 
layer. The performance of these modified electrodes was firstly tested with various glucose 
concentrations using an amperometric technique at an applied potential of –0.05 V. This 
glucose sensor with inkjet-printed graphene electrode is calibrated to the glucose 
concentration range between 0.2 to 1.0 mM (typical glucose concentrations in human 
sweat, as shown in Figure 3.9). The detect limit of this device is 10 µM, while sensitivity 
for glucose is ~18 µA cm-2 mM-1.  
Figure 3.9 Calibration curve of GOx/PB-graphene electrode in detection of glucose.   
3.3.3.3 Dynamic Glucose Detection with Synthetic Skin 
As shown in Figure 3.6a, synthetic human skin has two inlets, connecting with two 
separated pumps. Artifical sweat solution is filled with one pump; while sweat with specific 
glucose concentration is in another. Artifical sweat solution goes through microfluidic 
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device first, obtaining sensing baseline. Then, the opening pump is switched to the pump 
with glucose. After current signal become stable, the injected solution changes back to 
artifical sweat again. Figure 3.10a shows the multiply injections of glucose solution with 
same cencentration. The current signal achieved similar value with these injections, 
showing good stability of sensors. The response curve of sweat-based microfluidic device 
with various concentrations of glucose is shown in Figure 3.10b.  With same flow rate, 
these response times are similar, while the current value of plateau region increase to 
different levels. The sensitivity from sweat-based sensor is close to previous calbrication 
curve. The slight variation in sensitivity is due to fabrication process. 
Figure 3.10 (a) Multply injections of 0.2 mM glucose concentration into sweat-based 
microfluidic device (b) Response curve of sweat-based microfluidic device with various 
concentration of glucose. 
 
One important issue we detailly examined here is the effect of flow rate on the 
dynamic response data. The real human sweat is expected to vary from 1 to 20 
nL/min/gland. For the arm region, there are typically 150 glands/cm2, meaning high flow 
rate is at 3.0 µL/min/cm2.2 Here, the flow rate is set around this, ranging from 1.0 to 5.0 
µL/min. The dynamic data (response curves and decay curves) with various flow rates are 
shown in Figure 3.11 a-b. As shown in Figure 3.11a, when flow rate is over 2.0 µL/min, 
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current signal can reach to similar plateau value (red line). However, current signal failed 
to reach red line when flow-rate is very slow, only at 1.0 µL/min. This is probably due to 
bad contact between liquid and electrodes with limited amount of fluid. Moreover, when 
flow rate decreases, the response time increases a lot. Similar trend is observed at decay 
curves. (Figure 3.11b) 
To understand the effect of flow rate on dynamic tests, we further plotted the 
relationship between response time and flow rate; total injecton volume and flow rate based 
on data obtained in Figure 3.11a. (Figure 3.11 c-d) This means that device has a required 
total volume of injection solution for achieving accuracy measurement. Actually, when we 
switched to glucose solution, the channel and inlet fully contained sweat solution. In order 
to sensing the real glucose concentration, these sweat solution between inlet and sensing 
area need to be totally pushed out of device. The volume of these solution are set as the 
minimum volume for achieving real detection. These volume are significent when flow 
rate is very slow. Moreover, the total volume needed with low flow rate is higher than that 
with high flow rate. The reason for this is due to the diffusion. When applied with low flow 
rate, the total time required is much longer, causing much more diffuison process in the 
microfluidic channels. These dynamic data shows that volume between sweat inlet and 
sensing area is critical for response time. Minimization of this volume can largely shorten 
response time and decay time of real-time glucose sensing in sweat analysis.  
For glucose part, we developed inkjet-printed graphene electrodes to a real-time 
glucose sensing system. This sensor can nicely detect glucose within the common 
concentration of glucose in human sweat. Along with synthetic skin, we achieved dynamic 
test with various flow rate and concentration. From these, we understood the influence of 
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real human sweat flow rate on the sensing performance, guiding us a better design for 
sweat-based microfluidic device. 
Figure 3.11 Response curves (a) and decay curves (b) of sweat-based glucose sensor for 1 
mM glucose with various injection flow rates; (c) The relationship between response time 
and flow rate; (d) The relationship between total injection volume and flow rate. 
3.3.4 Cortisol Sensor with Inkjet-printed Graphene Electrode 
3.3.4.1 Au NPs-modified Graphene 
Unlike glucose sensor, researchers have not found existing biomaterials that can 
trigger ideal electrochemical reactions for achiving real-time monitoring of cortisol 
concentration. To date, the antibody of cortisol (anti-cortisol) is most common biomarker 
for cortisol sensors. The cortisol in solution has specific interaction with antibody, forming 
an insulator layer on the electrode surface.  Here, we modify inkjet-printed graphene 
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electrodes with Au nanopartilces (NPs). These Au NPs are functionalized as immoblization 
sites of cortisol antibody. Due to sensing mechanism, these sensors cannot achieved  real-
time continous cortisol detection. To improve this, we combine inkjet-printed cortisol 
sensors with electrowetting valves for potentially achieving multi-point detection of 
cortisol concentrations. 
Figure 3.12 (a) Design of inkjet-printed cortisol sensor with electrowetting valves and 
microfluidic channels; (b) Image of inkjet-printed graphene and silver electrodes on the 
polyimide substrate. The graphene electrode in the red box has been electrodeposited with 
Au NPs; (c) SEM image of Au-coated graphene electrode. 
 
The design of inkjet-printed cortisol sensor is shown in Figure 3.12. The inkjet-printed 
graphene electrodes are applied for both working and counter electrodes. Reference 
electrode is utilized as inkjet-printed Ag/AgCl electrode. The electrowetting valve is 
incorportated into system for controlling the injection of redox agent, Fe(CN)6
3-/4-. Au NPs 
were electrodeposited on the surface of graphene working electrode. SEM image shows 
that Au NPs are well decorated on the grapheen surface. 
3.3.4.2 Electrowetting Valves 
The detection of cortisol involves two steps. First step is to incubate these modified 
electrodes with sample for a certain time. Second step is to introduce solution with redox 
agent, examining the charge transfer performance through electrodes. The involvement of 
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electrowetting valves can precisely open valves for redox solution and obtain measurement 
of cortisol concentration. The incoporation of electrowetting valves increases user-friendly 
of devices in point-of-care application. Furthermore, a device with multi-valve system and 
sensors can potentially achieve multi-point detection. Figure 3.13 shows the functionality 
of electrowetting valves. Redox solution (orange solution) stopped at the electrode and 
went through channels after applying potential. 
Figure 3.13 Functionality of electrowetting valve in cortisol sensor system. 
3.3.4.3 Antibody Immobilization with Au-graphene Electrode 
The procedures for antibody immobilization is similar as previous reports.33,34 
Dithiobis(succinimidyl propionate) (DTSP) is applied as linker between Au NPs and 
antibody. Cortisol antibodies are covalently bonded with DTSP self-assembled monolayer 
through incubating process. Finally, electrodes are incubated with ethanolamine (EA) 
solution for blocking unreacted succinimidyl group and removing extra unbound 
antibodies onto the electrode surface.The detailed schemtic image for immoblization is 
illustrated in Figure 3.14a. 
Cyclic voltametry are applied for monitoring the charge transfer change during each 
process. Compared to pristine graphene electrode, the peak current of Au-grahene electrode 
increases due to charge transfer enhancement from Au NPs. (Figure 3.14b) As for 
immoblization steps, the magnitude of peak currents gradually decreases after each step, 
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showing the successful immobilization (Figure 3.14c). The appearance of these DTSP-
SAM, antibody and ethanolamine layers hinder electron transfer from the medium to 
electrode layers.  
Figure 3.14 (a) Schematic for EA/Anti-cortisol/DTSP/Au/Graphene bio-electrode 
fabrication; (b) CV curves of Au-graphene and graphene electrodes in 5 mM Fe(CN)6
3-/4-. 
(c) CV curves of Au-graphene during immobilization process in 5 mM Fe(CN)6
3-/4-. 
3.3.4.4 Cortisol Detection with Inkjet-printed Electrode 
Electrochemical chronoamperometric technique is applied for cortisol detection with 
inkjet-printed graphene electrode. Satish et al. developed a cortisol sensor with screen-
printed electrode via this technique.35 When cortisol reacted with antibody and adhered on 
the electrode surface, this cortisol layer created a barrier for the diffusion and flow of ion. 
The extent of current decrease can reflect the cortisol concentration in the samples. 
Figure 3.15a exhibits the chronoamperometric curves of inkjet-printed cortisol sensor with 
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different concentrations of cortisol. The observed current values can be further correlated 
with cortisol concentration via the equation as shown in the calibration plots.  
The selectivity of the developed immunosensors were further evaluated by conducting 
chronoamperometric studies after incubating devices with non-specific interferents. As 
shown in Figure 3.15b, the interferents used here, including ascorbic acid, uric acid and 
glucose, showed no interference after incubation, proving good selectivity of cortisol 
sensor. 
In cortisol part, a flexibe microfluidic device with inkjet-printed electrodes was 
developed. This device was proven successfully detect cortisol concentration in sweat 
solution based on chronoamperometric study. The user-friendly of this device is largely 
enhanced with incorportation of electrowetting valves. 
Figure 3.15 (a) Chronoamperometric curves of inkjet-printed electrodes with different 
concentrations of cortisol, inset: calibration curve of cortisol sensing; (b) Assessment of 
the sensor’s specificity with different interferents. 
3.4 Conclusions and Outlook 
In this chapter, a flexible microfluidic device with inkjet-printed electrodes was 
developed for sweat analysis. Silver and graphene electrodes were nicely printed on the 
polymeric substrate and utilized as key materials for biosensing via electrochemical 
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measurements. Graphene electrodes have been successfully developed into glucose and 
cortisol sensors with further modifications. As for glucose sensing, a thin layer of prussian 
blue was deposited on the printed graphene electrode as a mediator layer. With the support 
of synthetic skin, the effect of perspiration rate on sensor performance for real-time glucose 
monitoring applications has been studied in detail. The relationship between response time 
and flow rate showed that the design optimization in minimizing volume from inlet to 
sensing part is vital for monitoring performance in sweat analysis. In cortisol part, Au 
nanoparticles were deposited on the surface of graphene electrodes, acting as 
immobilization sites for cortisol antibody. The cortisol detection in synthetic sweat can be 
achieved with chronoamperometric study. To increase the user-friendly of devices, 
electrowetting valves were incorporated. Moreover, this valve technique can potentially 
assist devices to achieve multi-detection with multi-valve system. Proven by glucose and 
cortisol sensing, these flexible and printed “smart band-aid” microfluidic devices provide 
a platform for low-cost, multi-analyte sensing in sweat analysis. Meanwhile, it is capable 
for further extending to various analytes and other electrochemical sensing mechanisms.  
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CHAPTER 4 
WOODPILE ELECTRODES FOR ENZYMATIC GLUCOSE SENSOR AND 
LITHIUM-ION BATTERY 
4.1 Introduction 
4.1.1 Nanostructured Metal Oxide Electrode 
Recently, nanostructured metal oxide electrodes have received significant attention 
due to their large surface-to-volume ratio, widely applied in various applications, including 
biosensing and energy materials.1,2 Various kinds of metal oxide nanomaterials, such as 
nanorods, nanowires, nanofibers, nanocombs, nanotubes, have been synthesized.3-6 A 
primary challenge for constructing nanostructured metal oxide electrode for biosensing and 
energy applications is to fine-tune their 3D architectures for specific requirements. To date, 
several techniques have been applied to create such electrodes including colloidal 
templating,7-9 vapor deposition on 3D substrates10,11 and direct ink writing.12-14 Though 
these methods result in delicate electrode fabrication, some key issues remain to be solved. 
First, the dimensions of most of the reported electrodes are on the order of tens of microns. 
Further downscaling to sub-micrometer scale will enhance the reaction-diffusion kinetics 
however, the cost of fabrication using traditional subtractive clean-room processing 
techniques soars as dimensions are driven to the smaller dimensions.  Moreover, from a 
commercial point of view, any chosen fabrication technique needs to be facile, scalable 
and cost-effective. Current methods either require multi-step processing, extensive post-
treatments or are restricted to relatively low throughput manufacturing as limited by the 
deposition chamber size or the writing speed. It is hard for these techniques to produce 
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nanostructured materials with both high resolution and high manufacturing rate and 
scalability.  
4.1.2 Nanoimprint Lithography and Woodpile Electrode 
Nanoimprint lithography (NIL) offers a promising low-cost, high-throughput, 
direct patterning method to fabricate 2D and 3D nanostructures.15-18 Materials that can be 
patterned range from self-assembled monolayers (SAMs),19 polymers and colloidal 
materials,20,21 to inorganic sol-gel materials.22 More recently, inorganic nanoparticles and 
nanotubes were directly patterned into various architectures. For example, well dispersed 
Au and indium tin oxide (ITO) nanoparticles were directly molded into designed patterns 
via NIL.23,24 Nevertheless, the aspect ratio of previously reported imprinted structures, 
made by NIL, were generally limited, due to the low modulus of elastomeric stamps,25 
insufficient mass transfer,26 and the shrinkage upon ink drying.27 This limited aspect ratio 
is detrimental to the total surface area of the nanostructures, and limits their performance. 
To solve this problem, our group developed a general imprinting approach to 3D crystalline 
metal oxide nanostructures, including woodpile nanostructures.28,29 Ink comprised 
predominantly of crystalline nanoparticles was directly patterned into nanostructures via 
NIL. Then, woodpile nanostructures were obtained via sequential imprint-planarization 
cycles, followed by removal of sacrificial planarization polymer via calcination. The 
number of layers can be easily controlled by the number of imprint-planarization cycles. 
This “stack-up” method enables the engineering of 3D nanoarchitectures with high, and 
more importantly, user-defined aspect ratios. 
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4.1.3 Woodpile Electrodes for Enzymatic Glucose Sensor 
Glucose has a notable importance in terms of both clinical studies to prevent and 
control diabetes as well as the food industry. The impact of the former is potentially 
significant as an estimated 422 million people, as reported by WHO in 2014 suffer from 
diabetes.30 In this chapter, we developed CeO2 woodpile electrodes, and then modified 
them as enzymatic glucose sensors. The reason for using CeO2 is that nanostructure CeO2 
exhibits many desirable properties, such as electrical conductivity, chemical inertness, 
nontoxicity and biocompatibility.31 Until now, CeO2 nanomaterials have been applied for 
various sensor system, such as detection of glucose,31 cholesterol,32 H2O2,
33
 and DNA.
34 
4.1.4 Woodpile Electrodes for Lithium-ion Battery 
As for lithium-ion battery, TiO2 woodpile electrodes were selected as electroactive 
materials.  TiO2-based materials have been pioneered as negative electrodes due to their 
great structure stability.35 The stability of TiO2 in lithium-ion battery is mainly related with 
their little volume change ratio during cycling (~ 4%), stable capacity retention, and fast 
kinetics for lithium ion insertion/extraction.36,37 These properties can help TiO2 woodpile 
nanoelectrodes remain structural stable during multiply cycling. Li+ insertion and 
extraction reaction are described by Equation 4.1. The theoretical capacitance of TiO2 is 
335 mAh g-1. 
xLi+ + TiO2  ↔ LixTiO2                                                          (4.1) 
4.1.5 Project Summary 
In this chapter, we developed multilayer woodpile metal oxide electrodes with 
solvent-assisted nanoimprint lithography. CeO2, TiO2 SiO2 and ZnO woodpile structures 
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have been developed. The imprinting parameters and ink formulation will be discussed in 
detail. After constructing woodpile electrodes, we fabricate various kind of materials on an 
Au-coated silicon wafer for specific application. Here, CeO2 electrodes are applied for 
enzymatic glucose sensors and TiO2 electrodes are used as lithium-ion batteries. The 
relationship between their performance and number of layers are systemically examined. 
The enzymatic glucose sensor project is in collaboration with Dr. Sema Demirci Uzun and 
Prof. Alejandro L. Briseno. The lithium-ion battery project is in collaboration with Wenhao 
Li. 
Figure 4.1 Woodpile electrodes for enzymatic glucose sensor and lithium-ion battery. 
4.2 Experimental 
4.2.1 Fabrication of PDMS Mold 
Patterned PDMS stamps were fabricated by casting the prepolymer mixture against 
silicon master molds with a line grating pattern (linewidth ~425 nm; pitch ~950 nm; height 
~480 nm). The prepolymer mixture (10:1 weight ratio of Sylgard 184 silicone elastomer 
base and curing agent) was mixed and degassed in vacuum oven for 20 min at room 
temperature. Then the mixture was poured onto the master mold and placed at 70 ℃ for 5 
h in an oven. After curing, PDMS stamps were obtained via peeling off from master mold. 
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4.2.2 Preparation of Imprinting Ink 
4.2.2.1 CeO2 Nanoparticle Ink  
A commercial colloidal dispersion of ceria nanoparticles, stabilized by acetate 
(Nyacol Nanotechnologies), referred to as CEO2(AC), was used as the ceria precursor. 
This ceria particle dispersion in water (20 wt%) was mixed with methanol and 1,2 
propanediol in 1:2:2 weight ratio. This mixture dispersion was vortex-mixed and sonicated 
to obtain a ~4 wt% ceria particle dispersion. Particle size and distribution were checked by 
TEM (JEOL 2000FX) and Malvern Nano Zetasizer. 
4.2.2.2 CeO2 Nanoparticle/Titania Sol Gel Ink 
 Titanium diisopropoxide bis(acetylacetonate) (TPA, [(CH3)2CHO]2Ti(C5H7O2)2, 
75 wt% in isopropanol, Sigma-Aldrich Co. Ltd.) was diluted with methanol to 10 wt%. 
Then, the titania sol was mixed with previous ~4 wt% ceria particle dispersion as various 
volume ratios, such as 20:1 and 40:1, forming modified ceria ink. 
4.2.2.3 TiO2 Nanoparticle Ink 
To obtain TiO2 nanoparticle ink, a commercial titanium oxide (anatase, 20 wt%) 
nanoparticle dispersion in 1, 2 propanediol (US Research Nanomaterials, Inc.) was mixed 
with 1, 2 propanediol and methanol in 1:1:5 weight ratio. This mixture dispersion was 
further vortex-mixed and sonicated for a few minutes to obtain a stable, well-dispersed ink.  
4.2.2.4 ZnO Nanoparticle Ink 
ZnO nanoparticles were prepared by sol-gel method. 1.10 g Zn (Ac)2 2H2O was 
refluxed in 50 ml ethanol at 80 ℃ for 2 h with magnetic stirring, and then directly cooled 
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to 0 ℃ with ice bath. Meanwhile, 0.29 g LiOH H2O was dissolved into 50 ml ethanol with 
sonication and cooled to 0 ℃. LiOH solution was added drop by drop into Zn (II) solution 
with magnetic stirring. The colorless zinc oxide nanoparticles solution was obtained. A 
small amount of water was added into solution to precipitate zinc oxide nanoparticles. The 
precipitated ZnO were purified by ethanol and then dispersed in 1,2-propanediol, forming 
a 5 wt% zinc oxide nanoparticles dispersion ink. 
4.2.3 Fabrication of Patterned Structure 
The silicon wafer substrates were sonicated in ethanol and acetone for 5 min before 
being immersed into piranha solution (mixture of sulfuric acid and hydrogen peroxide (30 
%) at 3:1 in volume) for 2 h. Then, these substrates were washed with deionized (DI) water 
and dried under nitrogen gas. The nanoparticle-based ink was spin-coated on the silicon 
wafer substrate in a glove box with a 5 % relative humidity environment.  Then, a PDMS 
stamp was placed on the ink and dried on the hot plate at 55 ℃ for 20 min. After drying, 
PDMS stamp was peeled off and patterned film was obtained. The patterned film was 
calcined at 500 ℃  for 30 min to sinter the nanoparticles. 
The spin-coating parameters for various nanoparticle inks are listed as following: 
CeO2 3000 rpm, 150s; TiO2 3000 rpm, 90s; ZnO 2000 rpm, 180s. 
4.2.4 Fabrication of Multilayer Woodpile Structure 
To obtain multilayered structures, a UV-crosslinkable low viscosity organic 
thioleneacrylate prepolymer (NOA 60, Norland Products Inc.) was used as a planarization 
layer. The calcined patterned film was first pretreated with low power oxygen plasma to 
lower the surface energy and improve the quality of the planarization layer. Then, a 10 
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wt% NOA 60 solution in propylene glycol monomethyl ether acetate (PGMEA) solvent 
was spin-coated on the patterned film twice at 1000 rpm for 30 s with UV curing after each 
spin coating step. The imprinting and planarization process can be then simply repeated for 
the desired number of layers. Finally, CeO2 with desired number of layers was calcined at 
500 °C for 2 h. The calcination temperature and time for TiO2 is 750 °C and 5 min.  
In order to test with electrochemical station, patterned and multilayered CeO2 and 
TiO2 woodpiles were fabricated on an Au/Ti (50 nm/5 nm) bilayer coated silicon wafer, 
deposited using an electron beam evaporator. 
4.2.5 Enzymatic Glucose Sensor 
4.2.5.1 Immobilization of the Glucose Oxidase (GOx) 
CeO2 multilayered film was immersed into a solution of GOx (1 mg/mL) prepared 
in a 50 mM phosphate-buffered saline (PBS) solution mixed with Nafion (5%) overnight, 
allowing GOx immobilization to take place.3 The electrode was then rinsed with PBS to 
wash away the non-immobilized GOx, and stored in 4 ℃ refrigerator for further use. 
4.2.5.2 Preparation of Glucose Solution 
A glucose stock solution (0.1 M) was prepared in a 50 mM PBS solution (pH 7.0) 
then left at room temperature for about 24 h prior to use to ensure the formation of β-D-
glucose. 
4.2.5.3 Electrochemical Measurements  
Electrochemical measurements were carried out using a three-electrode setup with 
GOx/CeO2/Au as the working electrode, a platinum wire as the counter electrode, and the 
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Ag/AgCl electrode as the reference electrode. PBS (50 mM, pH 7.0) was used as the 
electrolyte during electrochemical study. Amperometric and cyclic voltammetric 
measurements were carried out using CHI 600D. The spectra of CV curves were recorded 
in PBS (50 mM, pH 7.0) containing a 5 mM Fe(CN)6
3− solution. For amperometric studies, 
all experiments were carried out in PBS (50 mM, pH 7.0) via application of +0.7 V versus 
Ag/AgCl electrode while mildly stirring at room temperature. After each measurement, the 
solution in the reaction cell was refreshed, and electrodes were washed with PBS (50 mM, 
pH 7.0) solution for removal of the residues. The biosensor performance was determined 
by adding various concentrations of glucose and calibrating them to different current 
responses recorded for each substrate concentration. In all measurements, the average of 
three consecutive results was recorded for each glucose concentration, and standard 
deviations of these measurements were calculated. 
4.2.6 Lithium-ion Battery---Electrochemical Measurements 
All electrochemical measurements were conducted in the half-cell configuration, 
assembled in an argon glove box. LiClO4 (1M, in EC/DMC=1/1v) was used as the liquid 
electrolyte. A piece of lithium foil served as both the counter and reference electrode. 
Charge and discharge profiles of the electrodes were measured by galvanostatic tests 
(Maccor 4304) under different C-rates, within a voltage window of 1.0-3.0 V. Extended 
cycling tests were performed with voltage window of 0.4-3.0 V. Control samples of un-
patterned TiO2 films with varied thickness were tested under same conditions and used for 
comparison.   
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4.3 Results and Discussions 
4.3.1 Ink Formulation 
The first step for fabricating woodpile structure is to generate a stable imprintable 
nanoparticle-based ink. For solvent-assisted nanoimprint, nanoparticle size, dispersity, 
solid concentration, and ink viscosity are among the key factors for ink’s imprintability. 
The imprint ink with CeO2 and TiO2 nanoparticles are made with commercial nanoparticle 
dispersions. The characterization of both inks is shown in Figure 4.2. Transmission electron 
microscopy (TEM) shows that both of particle core sizes are below 10 nm (Figure 4.2a, d). 
This is comparable with their dynamic light scattering (DLS) measurement. For CeO2, the 
number- and volume-averaged particle sizes are 11.8 and 13.6 nm, respectively (Figure 
4.2b). The number- and volume-averaged particle sizes for TiO2 are 13.6 and 15.7 nm. 
(Figure 4.2d) The difference in results are mainly due to the inclusion of solvation effect 
and ligands in DLS. The nanoparticle dispersions were further mixed with methanol and 
1, 2 propanediol with certain ratio, forming imprinting ink. The incorporation of methanol 
and 1,2 propanediol is critical in two ways: 1) The low boiling-point of methanol (b.p. 64.7 
℃) leads to fast evaporation during spin coating and quickly concentrates the ink while the 
high boiling-point 1,2-propanadiol (b.p. 188.2 ℃) ensures reasonable fluidity during the 
imprinting step; 2) The combination of these two solvents provides proper stability, 
viscosity, and wettability of ink for spin coating processes. As shown in Figure 1c, both 
inks exhibit very low viscosity (CeO2: 3.5 mPa ∙ s ; TiO2: 1.8 mPa ∙ s ) which are 
approximate to the viscosity of the original solvents. This relatively low concentration and 
viscosity is critical to mold filling and residual layer-free imprinting. The CeO2 and TiO2 
inks are stable with negligible precipitation observed over several months. 
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Figure 4.2 TEM images of (a) CeO2 nanoparticles and (d) TiO2 nanoparticles. DLS 
measurements of (b) CeO2 nanoparticle size in methanol and (e) TiO2 nanoparticle size in 
1,2-propanediol/methanol mixture solvent. Shear viscosity of the (c) CeO2 ink and (f) TiO2 
ink measured at room temperature under shear rate between 200-2000 s-1. (inset: optical 
image of the well-dispersed CeO2 ink and TiO2 ink.) 
4.3.2 Solvent-assisted Nanoimprint Lithography 
The schematic illustration of the process of solvent-assisted soft nanoimprint 
lithography with nanoparticle-based ink is shown in Figure 4.3a. A poly (dimethyl 
siloxane) (PDMS) stamp with lithographically designed structures was placed on the top 
of the spin-coated film. During heating, solvent was absorbed into the PDMS stamp and a 
patterned film was obtained after demolding. Due to the effective dispersion and the small 
diameters of the nanoparticles in the ink (Figure 4.2), these nanoparticle inks can be easily 
and rapidly imprinted to yield nanostructures over large areas. As shown in Figure 4.3b-e, 
CeO2 and TiO2 nanostructures with various patterns were developed. The final architecture 
is obtained through a calcination process in air at 500 ℃.  Scanning electron microscopy 
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(SEM) and atomic force microscopy (AFM) of the attained single layer TiO2 imprint show 
that well-defined line pattern of approximately 200 nm in width and height (Figure 4.3 d-
e) is obtained, generating an aspect ratio of 1.  
Figure 4.3 (a) Schematic illustration of steps to fabricate patterned metal oxide film via 
solution-based soft nanoimprint lithography with nanoparticles-based ink; (b-c) SEM 
images of patterned CeO2 films with different structures (grating lines and nanopillar 
structures with 500 nm width). (d-e) SEM and AFM images of patterned TiO2 film with 
grating structure. 
 
 
Detailed comparison in dimensions among master mold, printed CeO2 film before 
and after annealing at 500 ℃ is shown in Figure 4.4. These images show SEM top-view 
images of these grating lines and the inset figures show the cross-sectional SEM images. 
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The detailed dimensions of these grating structures are summarized in Figure 4.4d. Here, 
line-width at the base of the lines (LW), line pitch (LP) and line height (LH) of printed 
grating structure are ~260 nm, ~1000 nm and ~220 nm respectively, whereas the LW, LP 
and LH of the silicon master from which the patterned PDMS stamp is made are ~480 nm, 
~1000 nm and ~480 nm respectively. The reduction in the printed feature dimensions is 
due to the volumetric shrinkage accompanied by removal of solvent through PDMS during 
imprinting. Meanwhile, to minimize the thickness of scum layer, the actual provided 
printing materials is less than what is needed for fully filling stamps. Figure 4.4c shows the 
patterned structure was further shrinking after calcination at 500 ℃ for 2 h. The reason for 
second shrinkage is due to the removal of residual organic ligand in the films. The TGA of 
ceria nanoparticle in air showed around 10 wt % weight-loss at 500 ℃, which nicely fits 
the shrinkage rate for printed grating line. (Figure 4.5) 
Figure 4.4 SEM images of (a) master mold, printed CeO2 line (b) before and (c) after 
thermal anneal; The cross-sectional SEM of these line structure are shown in insert figures. 
The scale bars in insert figures represent 500 nm. (d) Table of detailed dimensions of these 
grating structures. 
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Figure 4.5 Thermal gravimetric analysis (TGA) of CeO2 nanoparticles in air. 
 
4.3.3 Fabrication of Multilayer Woodpile Structure 
In order to fabricate multilayered woodpile nanostructures, the planarization step is 
essential to enable imprinting of the succeeding layers. A commercial UV cross-linkable 
thiol-ene based acrylate (NOA 60, Norland Products Inc.) is used as the planarization 
material. The acrylate fills the trenches and forms a solid and planar surface upon UV 
exposure.  The second layer of ceria nanoparticles was imprinted on this new planarization 
layer in an orthogonal orientation. Finally, the organic planarization layer is removed 
during calcination to build the two-layer woodpile nanostructure. The schematic 
illustration for these processes is shown in Figure 4.6. 
However, cracks and defects are easily observed if fabrication process is not well 
optimized. These optimizations can be divided into three parts: 1) Optimization of scum 
layer thickness; 2) Optimization of the connectivity among nanoparticles; 3) Optimization 
of nanograting strength.   
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Figure 4.6 Schematic illustration of steps to fabricate multilayer woodpile structure of 
metal oxide film via solvent-assisted nanoimprint lithography. (i) Planarization with a 
cross-linkable thiol-ene based acrylate resin. (ii) Spin coating new layer (iii) Second layer 
imprinting with molding-drying-demolding process (iv) 2-layer woodpile electrode 
obtained after calcination. 
 
4.3.3.1 Optimization of Scum Layer Thickness 
Scum layer (residue layer) represents the material that connects the molded features 
in the imprint resist to one another. The thickness of scum layer can be optimized via tuning 
surface tensions of ink and substrate, spin coating parameters and ink viscosity. As for 
constructing woodpile structure, the requirement for scum layer is as thin as possible. 
During high-temperature calcination, planarization layer (NOA) rapidly turns to gas and 
therefore, gas needs room for escaping from structure. If a thick scum layer is covered, gas 
must break the film and create lots of defects into the structure. Fig 4.7 show the 
optimization of scum layer via spin-coating parameters. These imprinted films were 
fabricated on the NOA surface and then annealed at high-temperature. The spin-coating 
parameters for Figure 4.7 a-b is at 3000 rpm for 2 min, while for Figure 4.7c-d is at 3000 
rpm for 4 min. The longer spin-coating time can lead to a thinner scum layer. 
As shown in Figure 4.7a-b, defects are observed after thermal anneal. These defects 
act as outlets of gas. After optimizing the thickness of scum layer, there is no defect in a 
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large area, as shown in Figure 4.7c. The scum layer of imprint structure is very thin. The 
nanoparticles on the scum layer are not able to connect with each other for blocking gas.  
Figure 4.7 Imprinted nanoparticle on NOA film after thermal annealing (a-b): 3000 rpm 4 
min; (c-d): 3000 rpm 2 min. 
4.3.3.2 Optimization of Nanoparticle Connectivity 
Second thing that need to optimize is nanoparticle connectivity. The imprinting of 
TiO2 woodpile does not require further optimization in this field, due to limited ligands 
around nanoparticles. However, for some other nanoparticle-based ink (such as CeO2), 
cracks were observed, as shown in Figure 4.8a. All these defects happened at the 
intersections of two layers, caused by weak connectivity of the ceria particles following 
calcination. Though the neck formation and ripening of particles during calcination can 
enhance the mechanical strength of the architecture, the second layer of CeO2 grating lines 
were still not strong enough to firmly stack on the first layer. To solve this, a binder for 
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connecting nanoparticles together is needed for preventing cracks for multilayer stack. 
Here, a 10 wt% UV-curable TiO2 sol, titanium diisopropoxide bis(acetylacetonate), in 
methanol/IPA was added as this binder to improve the mechanical strength of grating lines. 
Figure 4.8 b-c showed the SEM images of bilayer woodpile nanostructures with addition 
of different amounts of titanium sol gel. When 2.5 vol% titanium sol gel was added into 
CeO2 nanoparticle ink, a majority of the defects were eliminated; however, a few defects 
were still observed, which is marked in the red box. (Figure 3c) Defects in the bilayer were 
essentially eliminated by adding 5 vol% titanium sol gel. SEM images showed robust 
bilayers without any defects (Figure 4.8c). A larger area view of the defect-free imprint 
(Figure 4.9) demonstrates the robustness of the imprinting.  
Figure 4.8 SEM images of bilayer nanostructures with (a) pure CeO2 nanoparticles, (b) 
CeO2 nanoparticle with 2.5 vol% titanium sol gel and (c) CeO2 nanoparticle with 5 vol% 
titanium sol gel. 
Figure 4.9 SEM image showing a larger area of imprinted 2-layer woodpile structure with 
modified CeO2 ink.   
  78 
4.3.3.3 Optimization of Nanograting Strength 
As for ZnO woodpile electrode, another type of defect is observed. As shown in 
Figure 4.10, though there is no cracks and defects, even at the intersection of two layers, 
the nanograting is wavy, not stack firmly on each other. This is because the strength of 
nanograting structure is not strong enough for creating 3D nanostructure. The anneal 
temperature can kind of relief this effect. The anneal temperature for Figure 4.10 a-c is 450 
℃ 550 ℃ and 650 ℃ respectively.  Higher temperature anneal can enhance the nanograting 
strength, forming a concrete nanograting. The nanograting in Figure 4.10 c is less wavy 
than those in Figure 4.10 a. However, the nanograting strength is still not enough when 
building three-layer structure. Further increase in anneal temperature will not be helpful, 
because temperature are already close to melting temperature of these nanoparticles.  
Figure 4.10 Two-layer ZnO woodpile structure with annealing temperature at 450 ℃ (a); 
550 ℃ (b) and 650 ℃ (c); (d) Three-layer ZnO woodpile structure with annealing 
temperature at 650 ℃. 
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4.3.3.4 Woodpile Metal Oxide Structure 
With optimizations mentioned before, woodpile structures with various metal oxide 
materials are developed (Figure 4.11). CeO2, TiO2 and SiO2 can construct at least 4 layers. 
Due to nanograting strength, only two-layer woodpile can be created with ZnO 
nanoparticles. These results show it is feasible to further develop other metal oxide 
woodpile structure with this technique. The main challenge is at the formulation of 
imprintable nanoparticle-based ink. 
Figure 4.11 Woodpile structure with various metal oxide materials. (a) CeO2 (b) TiO2 (c) 
SiO2 (d) ZnO. 
4.3.4 Enzymatic Glucose Sensor with CeO2 Woodpile Structure 
4.3.4.1 CeO2 Woodpile Electrode 
As discussed in Chapter 4.3.3.2, the incorporation of titanium sol gel precursor 
eliminated the cracks at the intersection of layers. With this modified CeO2 ink, additional 
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layers can be easily built upon the existing woodpile structure by simply repeating the 
fabrication steps. The SEM images of woodpiles with 3 and 4 layers are shown in Figure 
4.12. The cross-sectional SEM image shows that these grating lines were stacked firmly 
on the bottom layers. Well-defined line patterns of approximately 230 nm in width and 
height were obtained, generating an aspect ratio of 1. The dimensions are consistent in 
every layer. Consequently, stacking up to 2, 3 and 4 layers result in aspect ratios of 2, 3 
and 4. These woodpile electrodes were further utilized as enzymatic glucose sensor. 
Figure 4.12 Schematic illustration of (a) 3-layer, and (d) 4-layer CeO2 woodpile 
nanostructures. SEM images of (b-c) trilayer, and (e-f) tetralayer CeO2 films with different 
magnifications. The insert images showed cross-section SEM images of 3- and 4-layer 
CeO2 woodpile nanostructures. 
4.3.4.2 Immobilization with Glucose Oxidase (GOx) 
Glucose oxidase (GOx) was immobilized on the CeO2 via electrostatic interactions. 
CeO2 is known as a material with high isoelectric point (IEP, 9.2). The high IEP indicates 
CeO2 carries positively electrical charge in a pH 7.0 buffer solution. This property renders 
CeO2 particularly attractive for immobilization of low IEP enzymes (for example glucose 
oxidase, GOx, exhibits an IEP of 4.2) via electrostatic interactions.38 The addition of Nafion 
  81 
was applied to form a uniform film on the GOx/CeO2 for improving the stability of 
immobilization.39 Immobilization of GOx can be confirmed with electrochemical 
characterization. The CV curve in Figure 4.14b shows that the peak current decreased after 
modification with GOx. This decreased peak current could be attributed to coverage of 
GOx with insulating characteristics. SEM images of woodpile nanostructure with enzyme 
modification are shown in Figure 4.13. After immobilization, three-dimensional multilayer 
woodpile structure remains structurally stable. The presence of uniformly distributed 
nanostructure in prepared 2-layer woodpile electrode along with an increase in roughness 
further indicates the successful immobilization of GOx on the woodpile surface. As shown 
in Figure 4.13b, a thin layer of Nafion film is coated on the woodpile electrode for 
optimizing the immobilization stability.  
Figure 4.13 SEM images of woodpile electrodes with (a) GOx, and (b) GOx and Nafion. 
4.3.4.3 Electrochemical Measurements 
CeO2 woodpile nanostructures with different numbers of layers were fabricated on 
a bilayer of Ti/Au (5 nm/50 nm), which served as the current collector. These woodpile 
electrodes were test with electrochemcial station (CHI 660). First, cyclic voltammetry (CV) 
studies were conducted in PBS buffer (50 mM, pH 7.0) containing 5 mM Fe(CN)6
3− over 
the range of -0.7 to +0.7 V.  Figure 4.14a shows that the peak current of 
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ferrocyanide/ferricyanide increased with the number of layers, confirming that the 
woodpile nanostructures with more layers provide a higher surface area for faradaic 
electron transfer. The linear relation between peak currents and the square root of the scan 
rate indicates that mass transfer between electrodes was a diffusion-controlled process, 
similar to other reported for surface-confined redox species on electrodes.17 
The cyclic voltammetry of the GOx/CeO2/Au in a 50 mM PBS (pH 7.0) between 0 
and 0.7 V against Ag/AgCl at a potential scan rate of 0.01 V/s is shown in Figure 4.14c. 
After adding 1 mM glucose into the solution, an obvious current increase can be observed 
above the 0.40 V potential, showing glucose is sensible at high potential. Here, the 
performance of CeO2 glucose sensor was tested using an amperometric technique in 
phosphate-buffered saline solution (PBS, 50 mM, pH 7.0, 25 ℃) at an applied potential of 
+0.7 V. Before detailed measurements of sensor performance with various layers could be 
obtained, the effect of the addition of titanium sol gel needed to be studied. Thus, devices 
containing one layer of imprinted CeO2 both with and without titanium sol gel were 
developed and examined. As shown in Figure 4.14g, both samples exhibit similar 
sensitivity as a glucose sensor, indicating the addition of titanium sol gel did not impact 
the performance. Then, calibration curves for glucose (with range of 0.4 to 2.4 mM in PBS 
solution) with CeO2 woodpile nanostructures with 1, 2, 3 and 4 layers were generated and 
are shown in Figure 4.14d. The sensitivity of CeO2 woodpile nanostructures increased with 
the number of layers. The sensitivity with different layers has a linear relationship with 
surface area ratio of nanostructure (Figure 4.14e). The calculation of surface area ratio is 
based on the dimension of the patterned line from SEM (230 nm width and 1000 nm pitch). 
The surface area includes the area of residue layer and overlapping area between layers is 
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negligible. This linear relationship reveals that the woodpile architecture not only provides 
high surface areas, but also accessible area for biomaterials due to its hierarchal 
nanostructure. As for 4-layer woodpile of CeO2, the sensitivity is 42.8 µA mM
-1 cm-2, 
which is approximately 3.1 times that of the sensitivity of single layer devices (13.8 µA 
mM-1 cm-2). Amperometric response of the 4-layer woodpile of CeO2/Au glucose biosensor 
on successive additions of 0.4 mM glucose is shown in Figure 4.14f. This 4-layer CeO2 
sensor has a response time of ~5 s. The woodpile sensors also show good selectivity, as 
shown in Figure 4.14f. The electrode has a limited response to interferences, ascorbic acid 
and uric acid. The good selectivity is due to the incorporation of Nafion film. Nafion film 
have been proved as significant effect to eliminate the interference of AA and UA. The 
perfluorinated cation exchange polymer membrane can strongly restrict the passage of 
anions across the membrane. 
To demonstrate woodpile structure as an efficient way to enhance sensor performance, 
a series of unpatterned CeO2 film electrodes with comparable loading were fabricated as 
control samples. For example, a CeO2 film made by four spin coating−calcination cycles 
is used to compare with the 4-layer woodpile. As shown in Figure 4.14h, though 
unpatterned CeO2 exhibits similar sensing performance as patterned structure, performance 
difference becomes much larger when mass loading increases. The sensitivity of 4-layer 
woodpile structure is approximately 2.5 times that of the sensitivity of control sample with 
similar mass loading. This confirms that the woodpile stacking is effective for enhancing 
sensing performance. 
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Figure 4.14 (a) Cyclic voltammetry of different layers of CeO2 electrodes recorded in PBS 
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(50 mM, pH 7.0) containing a 5 mM Fe(CN)6
3− solution. (b) Cyclic voltammetry of 4-layer 
CeO2 woodpile electrodes before and after modification with GOx. (c) Cyclic voltammetry 
of GOx/CeO2/Au electrode with and without glucose. (d) Calibration curves for glucose 
with various layers of CeO2 woodpile structure (with range of 0.4 to 2.4 mM). (e) The 
relationship between sensitivity and total surface area ratio with various layers of woodpile 
structure. (All the values of surface area ratio are based on the surface area of 1-layer 
imprinting.) (f) Amperometric response curve of the fabricated 4-layer CeO2 sensor with 
successive glucose injection. Each addition is 0.4 mM glucose. Inset image shows 
selectivity of sensors. 0.2 mM glucose 0.2 mM AA and 0.2 mM UA were added. All 
measurements for glucose are conducted in PBS buffer solution (50 mM, pH 7.0, 25 ℃, 
+0.7 V). (g) Calibration curves for glucose with 1-layer imprinted CeO2 with and without 
binder. (h) Comparison of sensor performance in CeO2 woodpiles and in planar films. Error 
bars in figures show the standard deviation of three measurements. 
 
Table 4.1 compares the sensitivity, limit of detection, value of apparent Michaelis–
Menten constant (Km
app) and linear range with other CeO2 based glucose sensors reported 
from literature.4,31,38,40 These works mainly focus on CeO2 with nano-scale morphologies 
(e.g. nanrod, nanoporous) or composite materials with CeO2. It is worth noting that 
although we use commercially available particles, these relatively simple and scalable 
woodpile structures achieve comparable-to-better sensor performance relative to the other 
reports. Notably, 4-layer CeO2 woodpile has a low value of Km
app (4.59 mM), indicating 
the good affinity of GOx to the woodpile substrate. Moreover, even higher aspect ratio 
CeO2 electrodes could be fabricated via the same strategy for achieving higher sensitivity. 
The upper limit is determined by the mechanical strength and conductivity of the CeO2 
grating lines. 
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Table 4.1 Comparison of glucose sensor performance of the 4-layer CeO2 woodpile with 
recent reports on CeO2. 
 
 
Immobilization matrix Sensitivity 
  (μA mM−1 cm−2) 
Limit of detection 
（μM） 
Kmapp Linear range Ref. 
CeO2 nanorod 0.165 100 44.57 mM 2-26 mM [4] 
Nanostructured CeO2 0.517 12 13.55 μM 50-400 mg/L [31] 
Nanoporous CeO2 NA NA 1.01 mM 25-300 mg/L [38] 
Nano-CeO2 / graphene 7.198 2 3.5 mM 0.05–6.5 mM [40] 
4-layer CeO2 woodpile 42.8 10 4.59 mM 0.02-2.5 mM This work 
4.3.5 Lithium-ion Battery with TiO2 Woodpile Structure 
4.3.5.1 TiO2 Woodpile Structure 
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) of the 
attained single layer imprint show that well-defined line pattern of approximately 200 nm 
in width and height (Figure 4.15 a-b) is obtained, generating an aspect ratio of 1. Barely 
any residual layer was observed. The deviation from stamp dimension results from the 
shrinkage caused by solvent evaporation and calcination. The dimensions remained 
consistent in the multilayered woodpile structure (Figure 4.15 c-g). Consequently, stacking 
up to 2, 3, 4 and 6 layers resulted in effective aspect ratios of 2, 3, 4 and 6 respectively. 
Notably, the line shapes were well maintained even though they spanned wide gaps over 
the underlying layers. X-ray diffraction (XRD) indicates that after calcination, the sub-10 
nm TiO2 particles merged into bigger crystallites confirmed by the sharper (101) peak 
(Figure 4.15h). The crystallite size is calculated to increase from 3.8 nm to 23.6 nm. In 
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addition, we noticed that small amount of TiO2 converted from anatase to rutile phase. Note 
that both phases are electroactive and possess similar theoretical specific capacities (~335 
mAhg-1) when nanoscale materials are used,41,42 no extra effort on crystal phase refinement 
was offered. To demonstrate the readiness of scaled fabrication, an inch-scale imprint was 
made (Figure 4.15i). The optical color results from the light interaction with the periodic 
patterns on the substrate.  
Figure 4.15 Characterizations of the calcined imprinted structures. (a, b) SEM top view 
and AFM height profile of the single layer imprint. (c, d) SEM top views of 2-layer and 3-
layer woodpile structure. (e) Zoom-out view of the 3-layer woodpile structure. (f) SEM top 
view of 4-layer woodpile structure (inset: cross sectional view). (g) SEM cross section of 
the 6-layer woodpile structure. (h) XRD measurement of TiO2 before and after calcination. 
(i) Photograph of a larger area, 1.5’’× 2.5’’ imprint.   
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4.3.5.2 Electrichemical Measurements 
To evaluate the electrochemical performance of the imprinted electrodes, a Li-TiO2 
half-cell was assembled by immersing the TiO2 woodpile into liquid electrolyte and using 
lithium foil as counter electrode (Figure 4.16a). Figure 4.16b shows the cyclic voltammetry 
(CV) of a 6-layer TiO2 woodpile electrode at different scan rates. At 0.1 mVs
-1, 
characteristic cathodic peak at 1.74 V and anodic peak at 2.04 V were observed, 
corresponding to Li+ insertion and extraction (xLi+ + TiO2  ↔ LixTiO2).  As scan rate 
increased to 10 mVs-1, cathodic and anodic peak shifted slightly to1.65 V and 2.1 V. This 
scan rate-dependence is indicative of the deviation from Nernstian system in the fast scan 
region. Note that the woodpile architecture provides sufficient pathways for ion transport, 
we believe this kinetic limitation comes from either electron transport across electrode or 
the relatively slow diffusion within TiO2 particles.   By correlating peak current (i) to scan 
rates (v) (Figure 4.16c), we find that i ∝ v0.5, indicating diffusion-controlled kinetics. It is 
possible that chemical diffusion of Li+ in TiO2 particles is the speed-limiting step.
43 This 
may result from the larger tortuosity in the randomly oriented TiO2 nanocrystallites. 
To demonstrate sequential imprinting as an efficient way to enhance areal capacity, 
a series of un-patterned TiO2 film electrodes with comparable loading and porosity were 
fabricated as control samples. For example, a TiO2 film made by 6 spin coating-calcination 
cycles is used to compare with the 6-layer woodpile. As shown in Figure 4.16d, areal 
capacity of woodpile electrodes increases linearly with the stacking of layers. The 
imprinted electrodes exhibit areal capacities of 3.6, 7.1, 11.4, 15.5 and 21.3 μAhcm-2 for 
1-, 2-, 3-, 4- and 6-layer electrode respectively under discharge current density of 500 mAg-
1. This confirms that the woodpile stacking is effective towards multiplied capacity. 
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Conceivably, when normalized to the mass loading of TiO2, woodpile electrodes with one 
to six layers possess identical specific capacity of approximately 250.9 mAhg-1, 
corresponding to 0.74 Li uptake per formula unit. This value is larger than bulk anatase 
TiO2 lattice, which at most accommodates 0.5 Li per formula unit. As mentioned above, 
decreasing particle to nanoscale induce the size-dependent expansion of capacity and the 
maximum Li uptake was reported to approach 1.0 per formula unit.41 Differential capacity 
curves of charge and discharge (Figure 4.16e) of woodpile electrode shows sharp and 
single peaks at 1.74 V and 2.10 V. This corresponds well with the CV measurement, 
indicating the redox reaction occurs predominantly at these two potentials. In contrast, for 
planar TiO2 electrodes, increasing film thickness failed to achieve proportional 
enhancement of areal capacity (Figure 4.16f). A 6-layer film generates less than quadruple 
amount of capacity of a single layer. This indicates a significant waste of TiO2 due to 
inefficient material packing. 
Figure 4.16 Electrochemical performance of TiO2 woodpiles and control samples. (a) 
Electrochemical test set-up and illustrative view of electrolyte permeation into woodpile 
structure. (b) CVs of a 6-layer TiO2 woodpile electrode under scan rates of 0.1, 0.5, 1.0, 
2.0, 5.0 and 10 mVs-1. (c) Plot of scan rate dependence of anodic peak current. (d) 
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Galvanostatic discharge profiles of imprinted architectures with 1, 2, 3, 4 and 6 layers under 
current density 500 mAg-1. (e) Differential charge/discharge capacity curves of TiO2 
woodpile electrode. (f) Comparison of capacity enhancement in TiO2 woodpiles and in 
planar films. 
 
The imprinted woodpile architecture becomes even more advantageous when 
performance under higher discharge rates is investigated. We define discharge current 
density of 1 C as 335 mAg-1. As shown in Figure 4.17, at 3 C (~ 1000 mAg-1), the planar 
TiO2 electrode lost half of its capacity while the woodpile electrode demonstrated a 
capacity retention of 75%.  From 1000 mAg-1 to higher discharge rates, the woodpile 
electrode consistently exhibited doubled to tripled capacity retention relative to the planar 
electrode. Even at rate as high as 15 C (5000 mAg-1), the woodpile electrode is able to 
deliver 25% of its initial capacity whereas the flat sample suffers almost complete capacity 
degradation. Notice that the absolute values of their initial capacities at 500 mAg-1 are 
offset by a factor of 1.7 (Figure 4.16f), the woodpile exhibits 3-5 folds improvement of the 
actual areal capacity.  
Figure 4.17 Rate capability and electrochemical performance comparison. Capacity 
retention of 6-layer woodpile electrode and control film sample under discharge rates from 
1.5 C (500 mAg-1) to 15 C (5000 mAg-1). 
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4.4 Conclusions and Outlook 
In summary, we fabricated the 3D woodpile electrodes with various kinds of metal 
oxide. CeO2, TiO2, SiO2 and ZnO woodpile electrodes were successfully fabricated. The 
optimization for woodpile structure in fabrication process has been discussed in detail. 
After constructing woodpile electrodes, we utilized woodpile CeO2 electrodes for 
enzymatic glucose sensor. The results of biosensor performance demonstrate that the 
sensitivity of this CeO2 woodpile electrode can be increased by simply increasing the 
number of layers. The 4-layer CeO2 woodpile electrode has been proved as an excellent 
glucose sensor with enhanced performance. Moreover, this “stacked-up” approach with 
NIL enables people to redesign the dimensions of CeO2 woodpile nanostructure (line 
width, line height and number of layers) with different master molds for achieving various 
biosensor requirements. 
As for lithium-ion nanobatteries, woodpile TiO2 electrodes were developed using 
solvent-assisted NIL. This fabrication method allows scalable fabrication of delicate 
electrode architectures with nanoscale resolution and yields specific capacities as high as 
250.9 mAhg-1. In addition, the sequential imprinting enabled the areal capacity to be readily 
multiplied while maintaining superior rate capability.  
In these projects, we demonstrated up to 6 layers of woodpile stackings. 
Conceivably, by using the method described, even thicker electrodes can be fabricated. The 
upper limit is determined by the mechanical strength and conductivity of the electroactive 
materials. We have not yet encountered that limit in our work.  As a solution-based, 
additive manufacturing method, it is easy to break such limitations by formulating 
composite inks to improve rheological, mechanical and electrical properties. The method 
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here is general and may inspire investigations into patterning a broad array of electroactive 
materials.    
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CHAPTER 5 
FABRICATION OF PATTERNED CELLULOSE FILM VIA SOLVENT-
ASSISTED SOFT NANOIMPRINT LITHOGRAPHY AT A SUBMICRON SCALE 
5.1 Introduction 
5.1.1 Cellulose and Cellulose Nanocrystal 
Cellulose, as a major component of nearly all plant matter, is the most abundant 
biomaterial in nature.1 Nanocellulose materials have an attractive combination of 
properties, such as nanoscale dimensions, biocompatibility, high surface area, high aspect 
ratio, renewability, low cost, light weight, and high mechanical strength.2-4 Nanocellulose 
in the forms of cellulose nanocrystals (CNCs), microfibrillated cellulose, or bacterial 
nanocellulose can be extracted by different methods from a variety of sources.5-7 Typically, 
CNCs are prepared by the hydrolysis of cellulose fibers with strong inorganic acids. CNCs 
are widely studied for a plethora of applications including reinforcement fillers in 
composite materials,8 antimicrobial films,9 and novel substrates for flexible electronics. 4,10 
As a low cost, lightweight, flexible, renewable material, cellulose substrates have been 
exploited in a wide variety of devices and sensors.11,12 For example, Whiteside group have 
shown that paper-based microfluidic devices can be used for detection of glucose, protein 
and cholesterol.13  
5.1.2 Methods for Patterning Cellulose Film 
For applications in advanced materials and electronics, patterned films and surfaces 
are crucial for enhancing performance of devices.14-16 Until now, few methods have been 
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developed for fabricating patterned cellulose films. Some reports describe patterning 
cellulose films via photolithography and enzymatic digestion, while other work details the 
successful development of a method to pattern cellulose-based biomass resists by electron 
beam lithography.17-20 Mäkelä et al. fabricated micropillars on nanocellulose films using a 
thermal roll-to-roll nanoimprinting method.21 While promising, these methods are either 
limited by low resolution of the final pattern, or rely on complex lithography processes to 
achieve submicron resolution, for example, electron beam lithography and two-photo 
absorption lithography. Therefore, a simple, versatile, scalable method for patterning 
cellulose films with submicron resolution is needed. 
5.1.3 Solvent-assisted Nanoimprint Lithography 
Among various kinds of patterning techniques, nanoimprint lithography is a 
promising method for low-cost, high-throughput surface patterning with submicron 
resolution.22 One form of nanoimprint lithography, solvent-assisted soft nanoimprint 
lithography was developed to nanopattern poly(3-hexylthiophene) layers to give improved 
photovoltaic device efficiency compared to planar bilayer heterojunction structures.23 In 
this solvent-assisted patterning process, solvent evaporation and absorption into a soft 
PDMS template coincide with NIL patterning of various materials on substrates under an 
applied pressure resulting in excellent patterning of a number of materials from solution. 
Recently, nanoparticle solutions, such as Au24 and indium tin oxide (ITO),25,26 were 
directly printed by solvent-assisted soft nanoimprint lithography. Considering the 
dimensions of CNCs, CNC aqueous dispersions can be viewed as rod-like particles well 
dispersed in water which are potential for soft nanoimprint lithography. 
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5.1.4 Project Summary 
In this chapter, a simple method for patterning cellulose films with submicron 
resolution is described, as shown in Figure 5.1. Different nanostructures (grating lines, 
nanopillars and nanoholes) were replicated onto the cellulose substrate. The width of 
patterned cellulose grating lines can be as small as 140 nm. Cellulose nanocrystal aqueous 
dispersions can be spin coated on a substrate (Nanoimprint Lithography) or PDMS stamp 
(Reversal Nanoimprint Lithography23). After printing, the CNC films can be crosslinked 
with citric acid under mild heat treatment and form a stable patterned film.  This work is 
in collaboration effort with Dr. Yinyong Li and Feyza Dundar. 
 
Figure 5.1 Fabrication of patterned cellulose film via solvent-assisted NIL. 
5.2 Experimental 
5.2.1 Chemicals and Materials 
Cellulose nanocrystals (CNCs) with 1.00 wt% sulfur content were purchased from the 
University of Maine as an 11.8 wt% aqueous suspension. Sodium hypophosphite 
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monohydrate (99%) was purchased from Sigma-Aldrich (Saint Louis, MO). Citric acid and 
sulfuric acid were purchased from Fisher Scientific (Fair Lawn, NJ). 
Tris(hydroxymethyl)aminomethane (Tris) and dopamine hydrochloride (99%) were 
purchased from Alfa Aesar (Ward Hill, MA). Hydrogen peroxide (30%) was purchased 
from Acros Organics (Morris Plains, NJ). Dynol TM 960 surfactant was purchased from Air 
Products and Chemicals, Inc. Silicon wafers (8-inch, P-type, Boron doped, [100]) were 
purchased from Nova Electronic Materials, LLC. Sylgard 184 elastomer mixture kit was 
purchased from Dow Corning. All reagents were used as received unless otherwise 
specified. 
5.2.2 Fabrication of Crosslinked PDMS Stamp 
The PDMS elastomer mixture (10 : 1 weight ratio of Sylgard 184 silicone elastomer 
base and curing agent) was mixed and degassed under vacuum for over 1 hour at room 
temperature. This mixture was poured onto the master mold and placed in an oven at 70 
°C to cure for 4 h. After curing, the PDMS stamp was peeled off from the master mold. 
For a 240-nm line pattern with a higher aspect ratio, “hardened”, crosslinked 
polydimethylsiloxane elastomer (h-PDMS) was used via a method described previously. 
27-29  
The h-PDMS was prepared by mixing and degassing a mixture of 1.7 g of (7−8% 
vinylmethylsiloxane)−(dimethylsiloxane) copolymer, 5 μL of a modulator (2,4,6,8-
tetramethyl-2,4,6,8tetravinylcyclotetrasiloxane), 9 μL of catalyst 
(platinum−divinyltetramethyldisiloxane complex in xylene), and 0.5 mL of (25−30% 
methylhydrosiloxane)−(dimethylsiloxane) copolymer. To ensure good coating, the h-
PDMS mixture was diluted with hexane to 50 wt % and immediately spin-coated onto a 
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patterned master mold. The coated master was precured in oven at 60 °C for 3 min. A 
second PDMS elastomer mixture (10:1 weight ratio of Sylgard 184 silicone elastomer base 
and curing agent) was then poured on top of the master mold. After heating at 60 °C for 6 
h, the resulting h-PDMS daughter mold was carefully peeled off the master substrate. The 
detailed dimensions of all PDMS replica stamps are summarized in Table 5.1. 
Table 5.1 Dimensions of PDMS replica molds. 
number shape period (nm) height (nm) width (nm) 
1 Line 480 500 240 
2 Line 1000 500 500 
3 Line 1600 500 800 
4 Pillar-Square 2000 500 1000 
5 Pillar- Rhombus 1200 150 600 
6 Hole 800 500 450 
7 SharkletTM N/A 3000 2000 
5.2.3 Nanoimprint Lithography with Cellulose Nanocrystals Aqueous Dispersion 
The silicon wafer substrates were sonicated in ethanol and acetone for 5 min, 
immersed into piranha solution (mixture of sulfuric acid and hydrogen peroxide (30%) at 
3:1 in volume) for 2 h. Then, these substrates were washed with deionized (DI) water, and 
dried under nitrogen gas. The cellulose nanocrystals dispersion consisted of 3.0 g cellulose 
nanocrystal aqueous suspension (11.8 wt%), 2.0 g DI water, 0.071 g citric acid and 0.011 
g sodium hypophosphite monohydrated. Citric acid is the crosslinking agent for the CNCs 
and sodium hypophosphite is the catalyst for the crosslinking reaction. For surfactant-
containing CNC dispersions, DynolTM 960 surfactant (0.2 wt%) was added into the 
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dispersion described above. The CNC dispersion was spin coated at 1000 rpm for 30 s on 
a cleaned wafer. Then, PDMS stamp was placed on the wet film and dried for 6 h under a 
low humidity environment. After drying, PDMS was peeled off and the patterned cellulose 
film was obtained. Finally, the patterned samples were cured in an oven at 150 °C for 10 
min.  
5.2.4 Nanoimprint Lithography with Polydopamine-coated PDMS Stamp 
The PDMS stamps were placed in a dopamine hydrochloride (1.0 mg mL-1) solution 
at pH of 8.5 (10 mM TRIS buffer) for 4 h. The polydopamine-coated (PDA-coated) PDMS 
stamp were then rinsed with DI water and dried with nitrogen flow. During imprinting, 
PDA-coated PDMS stamp was used to imprint CNC aqueous dispersions without 
surfactant. This imprint procedure is the same as previous mentioned. 
5.2.5 Reversal Nanoimprint Lithography with CNCs 
For reversal nanoimprint lithography, CNC aqueous dispersion was directly spin 
coated on the PDMS stamp. Either the surfactant-containing CNC aqueous dispersion was 
spin coated on an untreated PDMS stamp or the CNC aqueous dispersion was spin coated 
onto a PDA-coated PDMS stamp. Solutions were spin coated at 500 rpm for 5 min and 
subsequently spun for an extra 25 s at 1000 rpm. Then, a silicon wafer was placed onto the 
stamp. After drying with N2 flow for 6 h, a pattern surface was obtained. 
5.2.6 Characterization 
The morphology of cellulose nanocrystals was observed by transmission electron 
microscopy (TEM, JEOL 2000FX) at an accelerating voltage of 200 kV. The chemical 
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reaction of crosslinking was monitored by a Bruker Vertex 70 Fourier transform infrared 
(FTIR) spectrophotometer in ATR mode. Patterned surface structures were examined by 
scanning electron microscopy (SEM, FEI Magellan 400) and atomic force microscopy 
(AFM, Digital Instrument, Dimension 3100). Film thickness was analyzed using a Veeco 
Dektak Stylus Profilometer. The surface energy of the aqueous dispersions and contact 
angles on the PDMS stamp or patterned cellulose films were measured using a VCA 
Optima surface analysis/goniometry system. 
5.3 Results and Discussion 
5.3.1 Solvent-assisted Nanoimprinting of CNC Dispersion 
The schematic illustration of the process for patterning cellulose films via solvent-
assisted soft nanoimprint lithography with CNC aqueous dispersions is shown in Figure 
5.2a. Firstly, the CNC dispersion is spin coated onto a silicon substrate. Then, a PDMS 
stamp with a designed structure is placed on top of the wet CNC film. With the assistance 
of low humidity environment created by N2 flow, solvent is evaporated through the PDMS 
stamp and a patterned cellulose film is obtained after demolding. For solvent-assisted soft 
nanoimprint lithography, the dispersion and dimensions of imprinted nano-materials are 
critical for the successful patterning. As shown in Figure 5.2b, CNCs can form a stable 
suspension in aqueous conditions. The TEM image of the CNCs (Figure 5.2c) shows 
particles with a width of approximately 5 nm and length of approximately 100 nm. These 
results show that CNCs have nanoscale dimensions and can form a stable aqueous 
dispersion, therefore making them potential materials for solvent-assisted soft nanoimprint 
lithography. 
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Figure 5.2 (a) Schematic illustration of steps to fabricate patterned cellulose substrates via 
solvent-assisted soft nanoimprint lithography with CNCs; (b) Photograph of dispersion of 
CNCs in water and (c) TEM image of CNCs. 
5.3.2 Thermal Crosslinking of Cellulose Film 
Since dried CNCs films or patterns are not stable upon water rinsing, the CNC 
nanostructures need to be crosslinked, after imprinting. Citric acid has been used as an 
effective cross-linking agent in various cellulose systems.30-32 The crosslinking reaction 
can be accomplished under mild heating (150 °C). Accordingly, 20 wt% critic acid and 
sodium hypophosphite monohydrate (catalyst), were added into the CNC aqueous 
dispersion prior to nanoimprint. After thermal cross-linking, the film was washed with 
water. FTIR analysis was used to compare the crosslinked films with a pristine CNC film, 
as shown in Figure 5.2. The spectra show an additional peak (ester stretch of the citrate) 
for the cross-linked film at 1724 cm-1 (indicated by an arrow in Figure 5.3). Since the films 
were thoroughly washed to remove the unbound citric acid and catalyst, the presence of 
this band (carbonyl peak) confirms the formation of ester chemical linkages between citric 
acid and cellulose nanocrystals. Furthermore, the cross-linked cellulose films maintained 
  104 
a comparable film thickness to that of the as-spun film after being thoroughly washed by 
water. The film thickness is before and after washing 778.7 ± 16 nm and 743.0 ± 18 nm, 
respectively. 
 
Figure 5.3 FTIR spectra of the non-cross-linked cellulose films and cellulose films cross-
linked with 20 wt% citric acid. 
5.3.3 Optimization of Wettability between CNC Dispersion and Stamp 
Scanning electron microscope (SEM) images of patterned cellulose films are shown 
in Figure 5.4. Patterned films with 800 nm line pattern can be obtained via nanoimprint 
with CNC aqueous dispersions. When using narrower line patterns (500 nm) and pitches 
(1000 nm), defects were observed throughout on the patterned surface (Figure 5.4b). The 
appearance of these defects can be ascribed to the poor wettability of CNC dispersion on 
PDMS stamp. The repulsion capillary force is increased as the width of the lines is 
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decreased. Therefore, CNC dispersions poorly wet the substrate, preventing the formation 
of defect-free 500 nm lines as compared to the 800 nm line patterns. 
Figure 5.4 SEM images of patterned cellulose surface with (a) 800 nm line pattern and (b) 
500 nm line pattern. 
 
In order to better understand the wettability of CNC dispersions on the PDMS stamp, 
a VCA Optima Goniometer was used to quantitatively measure the water contact angle 
(WCA). The WCA measurements confirm that the surface of the PDMS stamp is 
hydrophobic, with a WCA 115.8° ± 1.1. The CA of the CNC dispersion on the PDMS 
stamp is 118.0° ± 2.3, which is similar to the WCA on the PDMS stamp (Figure 5.5 a-b). 
Due to this poor wettability, the CNC dispersion does not prefer to wet a patterned area 
with small features, leading to the appearance of defects.  
To obtain higher resolution CNC patterns, the wettability between the CNC dispersion 
and the PDMS stamp required further optimization. Here, two different modifications were 
introduced. The first method involved optimization of the composition of the CNC 
dispersion, and the other required modification of the surface of the PDMS stamp. For the 
first procedural modification, a surfactant was added to the CNC dispersion. The surfactant 
used was DynolTM 960, a nonionic siloxane-based surfactant. The addition of 0.2 wt% 
DynolTM lowers the surface tension of the dispersion from 69.7 mJ m-2 to 20.5 mJ m-2 and 
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significantly decreases the contact angle on the PDMS stamp from 118.0° ± 2.3 to 56.5° ± 
2.2 (Figure 5.5c).  
Another way to optimize the wettability is to modify the surface of PDMS stamp. 
Recently, researchers found that a uniform polydopamine (PDA) thin film can be 
conformally deposited on virtually any surface using a one-step coating procedure, which 
significantly improve the hydrophilicity and wettability of a surface 14,33-35. Here, PDA was 
selected to modify the PDMS stamp before nanoimprint. To achieve a uniform layer of 
PDA on the stamp, the PDMS surface was pretreated with UV-ozone for 5 min. Then the 
PDMS stamps were placed in a dopamine hydrochloride (1.0 mg mL-1) solution at pH of 
8.5 (10 mM TRIS buffer) for 4 h. The final thickness of PDA coating, measured by 
profilometer, was 21.5 ± 1.3 nm. Compared with the untreated PDMS stamp, PDA-coated 
PDMS exhibited improved wettability with the CNC dispersion. As shown in Figure 5.5d, 
the contact angle of the CNC aqueous dispersion on PDA-coated PDMS stamp decreased 
from 118.0° ± 2.3 to 43.2° ± 4.5. 
Figure 5.5 Contact angle of 2.0 μL of (a) water and (b) CNC aqueous dispersion on the 
PDMS surface, (c) CNC aqueous dispersion with DynolTM 960 on the PDMS surface; (d) 
Contact angle of 2.0 μL CNC aqueous dispersion on the PDA-coated PDMS surface. 
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5.3.4 Characterization of Patterned Cellulose Film 
After optimizing the interfacial hydrophilicity, CNC aqueous dispersions were 
imprinted into ultra-small features. SEM images show both types of modifications, 
addition of surfactant (Figure 5.6) and PDA-coated PDMS (Figure 5.6), lead to patterned 
cellulose films with submicron resolution. With the assistance of the surfactant, CNC 
dispersions can be patterned into 500 nm line patterns without noticeable defects (Figure 
5.6 a). The higher magnification images (Figure 5.6 b) reveal the individual CNCs on the 
patterned surface. Moreover, CNCs were patterned into 240 nm line patterns. Similarly, 
the PDA-coated PDMS stamps were also effective in patterning CNCs into both 500 nm 
and 240 nm line patterns without significant defects (Figure 5.7).  
In addition to line patterns, CNC aqueous dispersion can also be patterned using other 
nanostructured stamps, such as nanopillars and nanoholes. Figure 5.6 d-e show replicated 
CNC square pillar patterns with a 1-micron width and rhombus pillar patterns with a 600-
nm width. The sharp edges of the features can be observed in Figure 5.6 e, indicating the 
patterns transferred with high fidelity into the CNCs films. Meanwhile, cellulose films with 
nanohole structures were also prepared as shown in Figure 5.6 f. Due to wall shrinkage, 
the hole diameter was around 600 nm after imprinting, as compared with the initial size of 
the pattern, which was 450 nm. The imprinted structures have a minimum hole-wall 
thickness of ~200 nm. 
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Figure 5.6 SEM images of patterned cellulose film from DynolTM 960 modified CNC aqueous 
dispersion. 
 
Figure 5.7 SEM images of patterned cellulose film with PDA-coated PDMS mold: (a) 240 
nm grating line; (b) 500 nm grating line. 
 
 
Grating patterns were used as an example to show the dimensions of the patterned line 
compared with the master mold. The widths of the grating lines were measured from SEM 
images (Figure 5.6) and the heights of grating lines were obtained from AFM analysis 
(Figure 5.8). The width and height of the grating lines are smaller than the original 
dimensions of the PDMS stamps. This reduction of the printed feature dimensions is due 
to volumetric shrinkage accompanied by the evaporation of water during imprinting. The 
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width of the patterned lines is around 60 % of that of the master mold. The width of the 
grating lines patterned by 240 nm grating patterns is only around 140 nm, which is slightly 
larger than the length of CNCs. Good wettability between the CNC dispersion and the 
PDMS stamp facilitates a high concentration of CNCs filling the pattern. The heights of 
these three stamps are similar and around 500 nm. The printed grating lines with 500 nm 
and 800 nm line patterns showed similar heights, around 200 nm. The printed grating line 
with 240 nm line gratings is even higher, around 330 nm. This can be ascribed to higher 
capillary force due to the narrower width of the lines, dragging more CNC dispersion into 
the trench area of the patterns. The AFM cross-section images of patterned cellulose films 
with diverse widths are shown in Figure 5.9. The height profiles show these pattern 
structures exhibit smooth edges.  
Figure 5.8 AFM images of patterned cellulose films from CNC aqueous solution with 
DynolTM 960. Different structures were replicated: (a) 240 nm line; (b) 500 nm line; (c) 
800 nm line. 
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Figure 5.9 AFM cross-section images of patterned cellulose film with diverse widths. 
5.3.5 Reversal Solvent-assisted Nanoimprinting of CNCs Dispersion 
All these results have demonstrated that solvent-assisted nanoimprint lithography is a 
simple, yet effective method to fabricate patterned cellulose film with submicron 
resolution. To further explore the versatility of this method, reversal nanoimprint 
lithography with CNC dispersion was investigated. As illustrated in Figure 5.10a, the 
aqueous CNC dispersion was spin coated on the PDMS stamp rather than the substrate. 
Then, the patterned film was transferred to substrate by direct contact. As mentioned above, 
the two processing modifications can be applied to achieve good wettability between the 
dispersion and the stamp. SEM images of the patterned cellulose films with both 
modifications using reversal nanoimprint are shown in Figure 5.10 b-d. The results show 
both modifications can facilitate CNCs to form patterned films with submicron resolution 
via reversal nanoimprint. 
Solvent-assisted soft nanoimprint lithography and solvent-assisted soft reversal 
nanoimprint lithography are two different strategies that can be utilized to pattern CNCs 
into sub-micron structures. Each strategy has its own advantages. The advantage of 
traditional nanoimprint lithography is that the film thickness of the cellulose film can be 
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precisely controlled by spin coating. Meanwhile, there is no need to do any modification 
on the PDMS stamp or the CNC dispersion when using a microscale pattern. However, the 
height of spin coated film is limited by the concentration of the CNC dispersion and time. 
As for reversal nanoimprint lithography, multiple coats of CNCs can be applied to fully fill 
the stamps for micron meter height features.  
SharkletTM, a biomimic nanostructure pattern with antifouling properties36,37, was 
selected as a master mold for testing reversal nanoimprint with micron height features. An 
aqueous dispersion of CNCs containing DynolTM 960 surfactant was used. The dispersion 
was spin coated on the SharkletTM stamp and then transferred to the silicon substrate. As 
shown in Figure 5.10 d, an excellent reproduction of SharkletTM structures is obtained. The 
original SharkletTM pattern was replicated in CNC with line width and line height of 2 µm 
and 3 µm, respectively. Cross-sectional SEM showed the printed cellulose film with ~800 
nm width and ~2.2 µm height. This demonstrated that solvent-assisted nanoimprint 
lithography of CNCs also is not only possible at high resolutions but also capable of 
replicating features with the original master with microstructure. 
Figure 5.10 (a) Schematic illustration of steps to fabricate patterned cellulose substrates 
via reversal nanoimprint lithography; SEM images of patterned cellulose film via reversal 
nanoimprint; (b) PDA-coated PDMS and 500 nm line pattern, (c) Addition of DynolTM 960 
and 500 nm line pattern; (d) SharkletTM patterned cellulose film via reversal nanoimprint 
with DynolTM 960. 
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5.3.6 Fabrication of Patterned Carbon Film from CNCs 
After obtaining patterned cellulose film, we can further turn them to patterned carbon 
film via calcination. Pattern carbon film can be potentially applied in electronics and sensor 
applications. Thermogravimetric analysis (TGA) curve of CNCs under N2 is shown in 
Figure 5.11a. CNCs still maintained 20.8 wt% after calcinating up to 800 °C, forming as 
carbon precursor. SEM images of patterned cellulose film and patterned carbon film are 
shown in Figure 5.11 b-c. The original pattern applied here is 240 nm line width pattern. 
This imprint was achieved with PDA-coated PDMS stamp. As shown in SEM images, the 
patterned carbon film possesses same pattern period as cellulose film. The width of line 
pattern decreases from 140 nm to 50 nm. This can be an unique method for obtaining 
patterned carbon film with ultra-high resolution.  
Figure 5.11 (a) TGA curve of CNCs under N2 atmosphere; (b) Patterned cellulose film 
with PDA-coated PDMS stamp; (c) Patterned carbon film from cellulose film. 
5.3.7 Fabrication of Patterned Cellulose Film with Cellulose Nanofiber 
Cellulose nanofiber (CNF) is a material composed of nanosized cellulose fibrils. 
Compared to CNC, the length of CNF is much longer, typically several micrometers. CNF 
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aqueous dispersion is also compatible with solvent-assisted nanoimprint lithography. 
However, due to length of CNFs, it is hard to obtain patterns with ultra-high resolution. As 
shown in Figure 5.12, patterned cellulose film was developed with 1 wt% cellulose 
nanofiber solution and PDA-coated PDMS stamp. The highest resolution achieved is 800 
nm line pattern with cellulose nanofiber.  
Figure 5.12 (a) 1 wt% cellulose nanofiber aqueous solution (b) Patterned cellulose film 
with cellulose nanofiber and PDA-coated PDMS stamp. 
5.4 Conclusions and Outlook 
A simple, scalable imprint method has been developed for patterning nanocellulose-
based films. The process is capable of sub-micron resolution, reaching as small as 140 nm 
for grating line patterns. Moreover, this versatile method can be used to achieve various 
arbitrarily patterned structures (grating lines, nanopillars and nanoholes) at different length 
scales, from hundreds of nm to a few micrometers. Addition of surfactant to the aqueous 
cellulose dispersion, or modification of the stamp surface, present two methods for 
improving the wettability of the CNC dispersion on the PDMS stamp, allowing for easy 
processing of the nanocellulose films. The deviation of imprinted cellulose film from stamp 
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dimension is mainly caused by solvent evaporation. The patterned features can maintain 
approximately 60 % of that of master mold in x, y direction within submicron scale. The 
height of final feature will vary. The narrower width of pattern will introduce a higher 
imprinted structure due to higher capillary force. Moreover, this technique has the potential 
to facilitate the high-resolution patterning of other 1D nanomaterials, such as carbon 
nanotubes and nanowires, via solvent-assisted nanoimprint lithography.  
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(18) Kargl, R.; Mohan, T.; Köstler, S.; Spirk, S.; Doliška, A.; Stana‐Kleinschek, 
K.; Ribitsch, V., Adv. Funct. Mater. 2013, 23 (3), 308-315. 
(19) Takei, S.; Maki, H.; Sugahara, K.; Ito, K.; Hanabata, M., AIP Adv. 2015, 5 
(7), 077141. 
(20) Wolfberger, A.; Petritz, A.; Fian, A.; Herka, J.; Schmidt, V.; Stadlober, B.; 
Kargl, R.; Spirk, S.; Griesser, T., Cellulose. 2015, 22 (1), 717-727. 
  116 
(21) Mäkelä, T.; Kainlauri, M.; Willberg-Keyriläinen, P.; Tammelin, T.; 
Forsström, U., Microelectron. Eng. 2016, 163, 1-6. 
(22) Chou, S. Y.; Krauss, P. R.; Renstrom, P. J., Science. 1996, 272 (5258), 85-
87. 
(23) Park, J. Y.; Hendricks, N. R.; Carter, K. R., Langmuir. 2011, 27 (17), 
11251-11258. 
(24) Yu, X.; Pham, J. T.; Subramani, C.; Creran, B.; Yeh, Y. C.; Du, K.; Patra, 
D.; Miranda, O. R.; Crosby, A. J.; Rotello, V. M., Adv. Mater. 2012, 24 (47), 6330-6334. 
(25) Kothari, R.; Beaulieu, M. R.; Hendricks, N. R.; Li, S.; Watkins, J. J., Chem. 
Mater. 2017, 29 (9), 3908-3918. 
(26) Lee, S. H.; Ha, N. Y., Opt. Express. 2011, 19 (22), 21803-21808. 
(27) Li, Y.; Dai, S.; John, J.; Carter, K. R., ACS Appl. Mater. Interfaces. 2013, 5 
(21), 11066-11073. 
(28) Li, Y.; Peterson, J. J.; Jhaveri, S. B.; Carter, K. R., Langmuir. 2013, 29 (14), 
4632-4639. 
(29) Odom, T. W.; Love, J. C.; Wolfe, D. B.; Paul, K. E.; Whitesides, G. M., 
Langmuir. 2002, 18 (13), 5314-5320. 
(30) de Cuadro, P.; Belt, T.; Kontturi, K. S.; Reza, M.; Kontturi, E.; Vuorinen, 
T.; Hughes, M., React. Funct. Polym. 2015, 90, 21-24. 
(31) Raucci, M.; Alvarez‐Perez, M.; Demitri, C.; Giugliano, D.; De Benedictis, 
V.; Sannino, A.; Ambrosio, L., J. Biomed. Mater. Res. A. 2015, 103 (6), 2045-2056. 
(32) Widsten, P.; Dooley, N.; Parr, R.; Capricho, J.; Suckling, I., Carbohydr. 
Polym. 2014, 101, 998-1004. 
  117 
(33) Wang, D.; Zhao, Z.; Yu, L.; Zhang, K.; Na, H.; Ying, S.; Xu, D.; Zhang, G., 
J. Appl. Polym. Sci. 2014, 131 (15). 
(34) Ding, Y.; Weng, L.-T.; Yang, M.; Yang, Z.; Lu, X.; Huang, N.; Leng, Y., 
Langmuir. 2014, 30 (41), 12258-12269. 
(35) Lee, H.; Dellatore, S. M.; Miller, W. M.; Messersmith, P. B., Science. 2007, 
318 (5849), 426-430. 
(36) Kirschner, C. M.; Brennan, A. B., Annu. Rev. Mater. Sci. 2012, 42, 211-
229. 
(37) Carman, M. L.; Estes, T. G.; Feinberg, A. W.; Schumacher, J. F.; Wilkerson, 
W.; Wilson, L. H.; Callow, M. E.; Callow, J. A.; Brennan, A. B., Biofouling. 2006, 22 (1), 
11-21. 
 
 
 
 
 
 
 
 
 
 
 
 
  118 
 
CHAPTER 6 
SUMMARY AND OUTLOOK 
6.1 Summary 
 This dissertation investigated the fabrication of microfluidic channels, biosensing 
elements and lithium-ion batteries via advanced printing/patterning techniques. Micro-
/nano-structured materials were fabricated and applied for specific applications. 
Chapter 1 addressed the issue of high fabrication cost. A flexible, capillary-flow 
driven microfluidic device with electrowetting valves and electrochemical detection was 
developed with inkjet-printing and UV-nanoimprint. The fabrication process was shown to 
be fully compatible with roll-to-roll manufacturing system, allowing for a continuous, high 
throughput fabrication. 
The consideration of practical application is addressed in Chapter 2. A sweat-based 
wearable biosensor platform was developed. Inkjet-printed graphene electrodes were 
modified with biomaterials, forming glucose and cortisol sensors in sweat analysis. Along 
with synthetic human skin, the effect of low sweat flow rate on dynamic real-time 
monitoring was systemically examined. The result of this chapter can provide a better 
design for sweat-based sensors.  
Chapter 1 & 2 utilized inkjet-printed electrodes for biosensing. Due to limitations of 
inkjet-printing, it is impossible for these electrodes to obtain the designed nanostructure. 
Chapter 3 described a novel method for developing nanostructured woodpile metal oxide 
electrodes. Multilayer woodpile metal oxide nanostructures (CeO2, TiO2, SiO2, ZnO) were 
successfully fabricated via solvent-assisted nanoimprint lithography. The optimizations of 
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these fabrication processes are illustrated in detail. Then, these woodpile electrodes were 
applied for various applications, including enzymatic glucose sensor and lithium-ion 
batteries. The relationship between structure and performance was systemically performed. 
Finally, nanofabrication of green material, cellulose, is described in Chapter 4. 
Patterned cellulose films can be obtained with cellulose nanocrystal-based ink. The 
optimization of wettability between ink and stamp are developed. With these optimizations, 
patterned films with ultra-high resolution were obtained. The dimensions of the patterned 
features in the cellulose films can be as small as 140 nm. This patterned cellulose film can 
be potentially applied for novel, green substrate for wearable sensor platform. 
6.2 Outlook 
 This dissertation mainly utilized inkjet-printing and nanoimprint lithography as the 
main tools for fabrication. Though both techniques have lots of advantages mentioned 
before, the main limitation for each are low resolution for inkjet-printing and relatively 
long imprinting time for nanoimprint lithography. A rapid fabrication of nanostructured 
materials within milliseconds is still eager from the market.   
Recently, intense pulsed light sintering system (IPLS) has emerged as an advanced 
sintering tool. A millisecond pulse of high-intensity light is applied on a substrate with an 
absorbent coating through a high-power xenon flash lamp. The energy from light can be 
rapidly absorbed by the coating, achieving the effect of photonic sintering. This technique 
is compatible with roll-to-roll manufacturing system. Dongpo et al. in Prof. Watkins group 
have successfully fabricated nanoporous silica hybrid films with brush block copolymer 
and IPLS.1 As for applications for wearable devices, this brush block copolymer-based ink 
can be inkjet-printed or screen-printed on a polymeric substrate with a macroscopic design. 
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With help of IPLS, it can help us easily fabricate nanoporous materials with preprinted 
macroscopic structure within milliseconds. As for ink materials, the addition of carbon-
based materials and metal oxide nanoparticles can be applied, based on specific sensing 
and batteries applications.  
6.3 Reference 
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